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ABSTRACT 


Fluorescent histochemical studies have been used to show that 
the extra-abdominal portion of the human umbilical cord is devoid of 
adrenergic nerves. The use of both fluorescent and biochemical assay 
techniques have indicated that extraneuronal uptake of noradrenaline 
in the human umbilical artery is considerably less sensitive to 
inhibition by normetanephrine, phenoxybenzamine and temperature changes 
than the extraneuronal uptake which is reported to occur in innervated 
tissues. Cocaine, except at high concentrations, was also found to 
have no effect on extraneuronal noradrenaline uptake; similar findings 
have been reported by others using innervated tissues. 

Since cocaine has no effect on noradrenaline uptake in the 
human umbilical artery, this provides a useful preparation with which 
to investigate the mode of action of cocaine in producing noradrenaline 
supersensitivity. It was found that cocaine could potentiate the 
responses to noradrenaline and, to a lesser degree, tyramine and 
5-hydroxytryptamine, in helically-cut umbilical artery strips. The 
responses to potassium and histamine were not significantly affected 
by cocaine. By the use of fairly selective antagonists, phentolamine 
and 2'[3 dimethyl amino propyl thio]cinnamonilide (DPTC), it was found 
that there is little indication of an interaction between noradrenaline 
and the 5-hydroxytryptamine receptor, or 5-hydroxytryptamine and the 
a-receptor. These results suggest that, in this tissue, cocaine can 


increase the responses to noradrenaline, tyramine and 5-hydroxytryptamine 
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by a postsynaptic mechanism which appears to be selective towards the 
noradrenaline-mediated response. This selective increase in the 
response mediated by noradrenaline may be explained by an allosteric 
alteration of the a-adrenergic receptor system; possibly a non- 


selective increase in smooth muscle sensitivity is also involved. 












oid ebiswot gvtsoefse od 02 stseqas fioidw getaerioom pee mere ae j 
gid nt saseront Pree aidt -sasiogest bosatbon-satLenetbax0a 


ff] 


sttedaolis m6 vd bontelaxs sd yen COLA wd bststbem senoqest 


-non 8 yldleaoq pmeteye oIqGsIe7 meta Pr Xa cotisxesio 


5 ane Th 


wbavioval ovis #t yilvidtense sloevm dzoome at oesetont svisosise 
i 


ae 





WP) Te 


ACKNOWLEDGEMENTS 


The author would like to extend his gratitude to the following 


people: 


Dr. R.J. Reiffenstein for his supervision and help during 
the progress of this work. 

Dr. E.E. Daniel and Dr. D. Cook for helpful criticisms during 
the writing of this thesis. 

Dr. C.W. Nash, who, in the absence of Dr. Reiffenstein, agreed 
to act as Chairman for the thesis defence; and generously allowed use 
of fluorescence and histochemical equipment. 

Dr. Merva Cottle for introducing the author to the field of 
fluorescence histochemistry. 

The caseroom staff of the University of Alberta Hospital who 


were gracious enough to inform the author of imminent deliveries. 


yntwollot 93 


vitetavinU sid to tiste mgorseso SAT 















2TVMMANGAIWOWADA 


etd boetxe ot swti-bivow todjus oT © 
ee 


ssiqosq 
} a r mt 


etd tot antotanstitoA .b.4 «30 


Atow ekss lo seatgorq old 


rot #oodD .d .10 bas Isinsd .d.a ra 


* 


.eteods alii to gottizw off : 


> 


tasd? sft tol nemttsdo as Joa oF 


x 


Part of this work has been presented earlier as follows: 


C. R. Triggle and R.J. Reiffenstein. 1970. Uptake of noradrenaline 
by umbilical arteries. Proc. Can. Fed. Biol. Soc. 13, 90. 


R. J. Reiffenstein and C.R. Triggle. 1971. "Extraneuronal" uptake 
of noradrenaline by human umbilical arteries. Proc. Can. Fed. 
Biol. soc. 145.99. 







stifersibatod to sautqU <.OVeL .atetenotirex Atl bos” 
.Q0 ,€f .90@ .fora .bst .m69 .o0td -asttadis [pot 







adatqu "fsnosusnsx3xd" .1fel .sfgatst WH. bas nis 
.baY .ng) .no1d <esiireiz7s feoti td femud yd §. 


.2@,Af .902 Lond 


TABLE OF CONTENTS 


INTRODUCTION 
A. GENERAL INTRODUCTION 
B. STRUCTURE AND FUNCTION OF THE PLACENTA AND UMBILICAL CORD 
C. POSSIBLE MECHANISMS OF POST-PARTUM CHANGES 
D. INNERVATION OF THE UMBILICAL CORD AND PLACENTA 
E. PHARMACOLOGY OF PLACENTA AND UMBILICAL CORD 
F. POSSIBLE MECHANISMS OF ACTION OF COCAINE 
1. Inhibition of inactivation of catecholamines by cocaine 
a. Blockade of MAO and COMT 
b. Inhibition of catecholamine uptake 
2. Direct action on the effector cell 
G. EXTRANEURONAL UPTAKE OF NORADRENALINE 
H. ALLOSTERISM AND DRUG RECEPTORS 
1. Allosteric changes and cocaine action 
2. General theories of allosterism, conformational 
changes, and cooperativity 
3. Allosteric changes and the cholinergic receptor 
4. Allosteric havives and the adrenergic receptor 
I. EFFECT OF COCAINE ON SMOOTH MUSCLE CALCIUM 
J. CALCIUM AND THE a-RECEPTOR 
K. COCAINE AND THE o-RECEPTOR 


AIMS OF THE RESEARCH 


Page 


15 




















BTUITHOD FO -ASTAT 


958% 


: norton sans ws 
¢  Ga09 JADIJIGMU GWA ATMSUAI9 BHT 40 HOTTOMDT: OMA. STMT? 





E 2g2MABD MUDHAT-T209 TO 2MeIMAHOEM SlateZ09 
\ ATASOAIY GMA G00 JADLATEMU SHY 10 OLEATE 
aa AOD JADTITSMy aH ATHBOALT 10 YOOOQAMRARY 
af AMTAQOD FO WOLTOA 40 ae THAR A1dT2209 


ef smtsoon vd esotmelorasiss to soldevrjissal io notatdiinl Jt 


[ TMOD bas OAM Zo sbheasola us 


al | _ sisiqu snimeplodostiss to soktiditinI .d 

i = . Lisa sésag426 aft no motion Joo3lel = 

es TMIMAMSACASOMN FQ HATH TAMOMUSRAMIER .5 
es | 2AOTIIOSA QUA OMA MeISAT2ORA eM © 
es ookios entsso3 bre asgnsda ote teoR, of 


[ orisove 5 tel aoife 
- stotismroines ,m amie 2ifs i060 eg bros? fetansd <x 
2 wiivissysqooo brs ,#egnado 


sé toJqsse7 karsaklars sf2 bos eogmsria StaszeolfA .€ 
&e 1O3q9051 Sigienstbe odd bus asscnds okisae0ilA a 
MUTOIAD SU92UM HTOOMe vO EMIS ID TOaTas 





II. METHODS 


A. PERFUSION OF WHOLE PLACENTA 


B. PREPARATION OF ISOLATED UMBILICAL ARTERY STRIPS 


C. CATECHOLAMINE ANALYSIS 


1. Reagents 


g. 


ne 


Aluminum oxide 

0.4M perchloric acid 
0.2M acetic acid 

0.5M Tris buffer, pH 9.0 
Acetate buffer, pH 7.0 
Iodine 

Alkaline sulphite 


Distilled water 


2. Preparation of samples 


3. Formation of the fluorescent trihydroxyindole 


derivatives 
a. Procedure 
b. Calculation of noradrenaline 


Differential measurement of adrenaline and 
noradrenaline 


Determination of percentage recovery 
Effect of normetanephrine, metaraminol, cocaine, 


phenoxybenzamine, ouabain and parnate on the 
trihydroxyindole procedure 


D. NORADRENALINE UPTAKE EXPERIMENTS 


E. FLUORESCENCE MICROSCOPY 


F. STATISTICS 


Page 


42 
43 
45 
48 
49 
49 
51 
Sul 
on, 
pl 
onl 
51 
eit 


a2 


D2 
52 


54 


54 


56 


56 
57 
oe 


63 




















aged 
gs ATIMOATT AIOHW FO 5 waxaeala A 
ap eqTaT2 YRATAA JAOKITEMU GaTASOeT 10 HOLTARAIEH 


ah: - BrevaiA xs en of 


i 
in. | 


lied me) 
Ga a q bean I 


ep abtxo sour meri 4 A 
te | bros atsoldoseq MA.0 ‘a : 
[2 b¥as oitson MO.0 3 a 
fe O.e Ha ania aixlT Mc.0 wb 7 
Fe 0.4 Hq .totivd o taIS9A 8 
@ | | anther «3 : 
fe ; = ottdqiue oat Tedta 2 . 
Fe | 15 280 psLitseld «fl D 
$2 | | ealqmbe to uotiereqoat s : 
- 4 
ato! : 
in slobnityxothyais3 jasoesxbuld ot 1a i wt 
ne i _sawbs20x4 6B = | 
Ae on tisne tbs108 to nobtetuadad Jd 
bos snifenerbs to isvemsavanom, istine: ) a) | - 
de | . ohtianstherom 
ee yrsyoosi saa dal 30 i | 


.sotese> ,lowimsisism aa 
of4 no _238Ra89) hae 


Page 


Pero RESULTS 64 
A. WHOLE ORGAN PERFUSION EXPERIMENTS 65 

1. Responses to tyramine 65 

2. Effect of cocaine 68 

B. NORADRENALINE ANALYSIS OF PLACENTA AND UMBILICAL CORD 68 

C. FLUORESCENCE MICROSCOPY OF UMBILICAL CORD TISSUE 73 

1. Normal tissues 73 

2. Incubated tissues 76 

3. Effect of MAO inhibition on noradrenaline uptake 84 


4. 5-hydroxytryptamine accumulation in the umbilical cord 84 
5. Distribution of noradrenaline in the placental villi 87 


6. Effect of temperature on noradrenaline inhibition in the 
umbilical cord: 87 


7. Effect of phenoxybenzamine on noradrenaline distribution 
in the umbilical cord 87 


8. Effect of cocaine on noradrenaline distribution in 
the umbilical cord 88 


9. Effect of normetanephrine on noradrenaline distribution 


in the umbilical cord 88 

10. Loss of accumulated noradrenaline from the tissue 88 

D. UPTAKE OF NORADRENALINE BY ISOLATED UMBILICAL ARTERIES 89 
1. Accumulation of noradrenaline 89 

2. Loss of noradrenaline from tissue 89 

3. Effect of temperature on the uptake of noradrenaline 92 

4. Effect of cocaine on uptake of noradrenaline 92 

5. Effect of various agents on uptake of noradrenaline 92 


a. Phenoxybenzamine 95 



































eysueat TIT 


Ad Dig 
_ 
ime! 
oTHAMIATIXA WOL2UTANT MADAO SIOHW «A 
\ .* ® 
: . otimetyi oj asenoqesA «ft 
= 
, snoissop 20 299238- «& 
Gao ATHEDATT TO @1eY TAWA % tT LAMAAG GAHOW 
) JADTITEMU TO YFOOVCOHIIN TIVAIE: IAOUTT 
. seit (nero .f © 
ti bsisdusnt S§ — 
tiene io noritdidet OAM to goestae .€ | 
by . Lest ; 73 (Of iokisiumtisse Sirtmas ay igxorbyd—¢ 7 
; (liv Iniressla dda of sntiegesrbeton to potsugrsterd se 
d+ 49 fidirk oat! tbevoo mo, sapteteqmes* to tosiaa :) 
‘bio leaki Fda = 
} ee | = 
ottuditteth enilanetbsson ne satmesmedyaonsdg fo 3osaam =v 
bron I¢otitdmu edd al 
i ttauditselb sailanstbexon ne Su LB905 to #50232 ...8 : 
buon Isotiitdmy sag 
solttudizvieth snifisaszbe10n » saistrasimsismer Jo +9295 2 
byo9. Isolitdaw oft ot = 
88 eueel3 sdd mov? setiensrbaron bsialvmusss Io esol .0L 
é a 


en 2TIAHTHA JAODTITAMY CITAIO?L Ya SMIIARARGARO FO DAATSD = .G 
Ls 7a 
e4 ani lanstbeton 3a notselomuooA na 


es Usels mor} siitianoberod 20 weal & 





entisietbazon to oteiagu od bo S17 ween” ta wats € 






7 ‘ i Lane berg to sale: dau se soo # 


. 
+f 


IV. 


b. Ouabain pretreatment 
c. Normetanephrine 
d. Metaraminol 
e. Parnate (MAO inhibitor) pretreatment 
E. ISOLATED TISSUE EXPERIMENTS 
1. General Pharmacology 
2. Effect of cocaine on agonist response 
3. Effect of phentolamine on responses to agonists 
4. Effect of propranolol on responses to agonists 
5. Effect of noradrenaline on induced tyramine responses 


6. Effect of DPTC on responses to 5-hydroxytryptamine, 
noradrenaline and tyramine 


7. Cocaine protection against receptor blockade by 
phentolamine or phenoxybenzamine 


DISCUSSION 

A. WHOLE ORGAN PERFUSION 

B. NORADRENALINE ANALYSIS OF PLACENTA AND UMBILICAL CORD 
C. FLUORESCNECE MICROSCOPY OF UMBILICAL TISSUE 

D. EFFECT OF DRUGS ON NORADRENALINE UPTAKE 


1. Comparison of the extraneuronal uptake process in 
non-innervated tissues to that in innervated tissues 


2. The mechanism and function of extraneuronal uptake 
E. ISOLATED TISSUE PREPARATION 
1. General pharmacology of the isolated tissue preparation 
2. Effect of cocaine on responses to agonists 
3. Protection experiments 


F. EVALUATION OF THE "COCAINE PARADOX" 


Page 
O5 
95 
8) 
95 
95 
o5 

101 

112 

112 


116 


118 


IRAs 


126 
1s) 
128 
iol 


134 


134 
140 
144 
144 
149 
eri 


153 


ISf 




















joonisetisi1q otadsyvO «d, 


sainigonsismiovw .9 


Lonime1sgeM «b 
jnsmissrte1q (totkdidat OAM) steatei +s 


OTUAMIAAIKA HUZ2IT GITAIO@T 


¥goloosmredtd Iatsas9 +f 
sanogest teiaogs mo saisoo05 to Joetid S&S 
ejetnogs of s9enoqeat no smimsloiasdq Zo ta9taa =«t 


etatnoga of esenogaér ao Lofonstqorq to Josaza * 


nimaiyi bsovbnt no sotisnatbsten Yo JosTIgs = .€ 


onimsiaviayxorbyd-@ of eseanogesx mo OT to 25e74R <8 
onimaty? bas shtisasizbsrer 


otses noliosio07¢ entssod =e 


sntmesnsdyxonsdq to soimsiosaadiq 


noreevoera 


7 


VOI2UARAG MADMO-AJOHW At 


A 
‘ _ : - oe a = 
q900, JADLITGMU GMA ATMSDAIT YO @IAYGAMA “Sy TAMSAARON .o 


SHeeIt IAMLIISMU FO YTODZOA0IN SDAMIeEROTIT .D 


i 


TIATIU SHIIAMATGATON WO 2aUad FO TOPE a 
: ‘ \ = 
Ae 






* - - ‘ J 
nt eescorg sdetqu [saortisos73x3 sii To noelreqmed ok 
i ‘ « . : ; 7 
esueets bstsviennt nl tadj_os esusels Sejeveenti-non 


ious i a of 7 


sAstqu tanorwsnsr xs 49 rottsaue bie meboestoam sat .& 
_ ; : 7 ‘ ; i j 


VI. 


SUMMARY AND CONCLUSIONS 


BIBLIOGRAPHY 


APPENDIX A 


APPENDIX B 


APPENDIX C 


Page 


166 


AO 


206 


207 


209 










‘ , 
7 
331 BMOT2USIMOD OMA YHAMMU2 «WV 
. im! 


YHUAROOLIGIG 42 


Of) 
Os A KIrCMagtA 


a xI@MastA. 
) XIOvE T&A, 


Table 


VEL. 


VIEL. 


EX. 


XVII. 


LIST OF TABLES 


Responses to tyramine in perfused placenta preparation 
Noradrenaline induced tyramine response 


Effect of cocaine on the response to noradrenaline in 
the isolated perfused placenta 


Noradrenaline content of human umbilical cord and placenta 
Noradrenaline uptake 


Noradrenaline loss from tissue after previous incubation 
in 40 yg/ml noradrenaline-Krebs for 15 minutes 


Effect of temperature on noradrenaline uptake 


Effect of cocaine on the uptake of noradrenaline by the 
umbilical artery 


Effect of variousagents on the uptake of noradrenaline 
by the umbilical artery 


Approximate ED.,'s for agonists 


50 
Effect of cocaine on noradrenaline 
Effect of cocaine on tyramine 

Effect of cocaine on 5-hydroxytryptamine 
Effect of cocaine on histamine 


Effect of cocaine on KCl 


Effect of phentolamine on responses to noradrenaline, 
tyramine and 5-hydroxytryptamine 


Effect of propranolol on responses to noradrenaline, 
tyramine and 5-hydroxytryptamine 


Effect of noradrenaline on induced-tyramine response 


Effect of DPTC on responses to 5-hydroxytryptamine, 
noradrenaline and tyramine 


Cocaine protection against receptor blockade by 
phentolamine or phenoxybenzamine 


Page 


67 


70 


71 
Le 


90 


91 


93 


94 


96 
100 
103 
105 
107 
109 


ELL 


114 


ely, 


220 


123 


25 























CUtaAT FO Tels 


egant sidaT 
vo nolsbteas1q sinsuetq bsevizsq At onimetys oF esenoqesh +I 
OV jsanotae: siimsryd bsoubnk ontisnstbes0n 
nt sntlanetbaton oF sesoqest sfla.no ante 305 to 299739 
a sinsoslq benviiad bateloet anit 


a) sinsoslq bas bien Isotitdaw osmud 20 Inssno3 onilsnexbexol! 
oe oisiqu 5okienstbe 70" 


nottsduont auotvexq tst3is susers mon? aad oatisnssba10k 
fe essunim ef rot edatinon tiene baton Im\ay 08 of 


Fe sletqu-antisastbsion no siuieraqmad to Josaia 


att vd antis sr9tbsion to sAstqu sd3 no sates0d to, 355820 

se z (is9Iis ne 
a 

ontisnebeton %o staage a3 no atnosaepotsav Io sos 

ae | yrsi1s Isotitday sid yd 


gh 


OO. | atainogs to? a! ,,08 sinmtxovqqa +X 


| £01 sitlenstbeton mo snkesos to Jas?z x 


cOL onknin tg no smisso9 Zo 40928 
vol sikaieta eee fo saissan to so9Tie 
POL | sotmesated = t-pioninie to 339233 
) LiL | {94 no anneal iden 


laiieadiiieek oJ esemmogest mo satuhiadas q to 499320 
saliesaesioeate sakineny3 








Srtienestbaro0n od Pa 


Figure 
L Placental perfusion apparatus 
2. Isolated tissue apparatus 
3. Trihydroxyindole procedure. Formation of fluorescent 
fluorophores from noradrenaline 
4. Apparatus for determining effect of drugs on noradrenaline 
uptake by umbilical arteries. 
5. The histochemical reaction between noradrenaline and 
formaldehyde 
6. Noradrenaline dependence of the response to tyramine in 
the perfused whole placenta preparation 
7. Effect of cocaine on the response to noradrenaline in the 
perfused whole placenta preparation 
8. Responses to tyramine in the isolated umbilical artery 
9. Responses to oxytocin, angiotensin and acetylcholine in 
the isolated umbilical artery 
10. Effect of cocaine on the responses to noradrenaline in 
the isolated umbilical artery 
ll. Effect of cocaine on the induced tyramine response in 
the isolated umbilical artery. 
12. Effect of cocaine on the responses to 5-hydroxytryptamine 
in the isolated umbilical artery 
13. Effect of cocaine on the responses to histamine in the 
isolated umbilical artery 
14. Effect of cocaine on the responses to KCl in the isolated 
umbilical artery 
15. Effect of phentolamine on responses to noradrenaline, 
tyramine and 5-hydroxytryptamine 
16. Effect of propranolol on the responses to noradrenaline 


LIST OF FIGURES 


and tyramine 


Page 


44 


46 


50 


58 


61 


66 


69 


98 


99 


LO2 


104 


106 


108 


110 


113 


£15 
























eamiort TO Tel 


atugt : 


4 
F 7 
Sa eugveTsaqs qoleviteq fsiasoelt— 2 
Ey rs 
~~ eutsieaqe sueek? bstaloed 
fou te inorzed .syubso0719 slobaiyxorbyd2xT — gE 
ite atlensxbaion mori essodqomaul?> 
r! muxb to Jos2i9 anininyotsh 20% auseasqga 
2 .setyeixs [sotf{tdm Yd Sasoqu 
% - 
Levon asawasd softoess iaoimedyojetd sat 
fa ; abydebl sero 
| senoeast oft to somebusqsh sallenerbaio8 
noisexsqgig s3nsoelq elodw bse sutTSq of3 
} ; ) ar er od3 oO stissos to 399338 
gorjsysas1q sinsoslq sforw beevt18q 
a0 VISSIE i? tdmu bstseloel ont of sazemstyd oF donnoqaale 
nit sn i508 bos otenoJolgas ,aloodyxc. of esenoqess 
e¢ yiot1s LIeoliidau bsjsloat ads 
git snot »ybrron o3 sei 10ge97 a¢2 so anfse5eo do 399223 
cof ‘ vyetys L[eotitdew bodsfoat ads 


nt senoqast animety? beouvbat sis ng suiaabs io JosTIR 
MI .vyros1s laokitdas bstaloak ens 


“ant aviivxorbyd-—< oJ Beanogest eis 1O- anitaoes Yo toa%39 
a0! YISIIS tnoti td betsfoet edd at 


rt ontstatd o3 esenoqeat Shi a0. satssag to s3e738 
area al begdaioel 







bajaloet sis at £92 ot neenage not ieee > ontssos % gs07ha * 
: nee is cote nL tds 


7 a 
a oe 
















— 


 -pakfanovbebo. 0208 57 - . ie 708 
SNTLENSIDBION 04 nO a Ba ase Siigssosasag 10 . 
; _ ¥ _ ' : 2 7 
mith es ys @ * = J ' , 





i 


Figure 
1 Mp3 
LO. 
1S 
2.0 


Zi. 


Effect of propranolol on responses to 5-hydroxytryptamine 


Effect of noradrenaline on the tyramine responses in the 
isolated umbilical artery and the isolated guinea-pig 
vas deferens 


Effect of DPTC on the responses to 5-hydroxytryptamine, 
noradrenaline and tyramine 


Effect of cocaine on receptor blockade produced by 
phentolamine and phenoxybenzamine 


Configuration relationships between phenethylamine, 
D(-)noradrenaline, and (-) cocaine 


Page 


116 


vie) 


a, 


124 


aRoae 











eget 


aft Oa ot esenoges1 no fofonsrqorq to soeata sSE” 


sria ah asanogest snimstyt oda 10 ott Lananb 
giq-sontug bstslost adi bos vistas, test 


_snimpd qvisyxotbyd-< 03 ag awoqeed. of no oraq- a dine 


ger . a bite shames 


vd bosvborq sbsisold sotqss97 fo ants909. 20. 
EN | ot tasnsdyxonsna bas sotm, 







. aimsiydasnsigq neswiod eqidenotssiex notsaxine 
rad amtsso9, (=) bis : Sa 108 


y 


; : . poco 








. Fis Se. Paes pecs ibs. se beety ie 
ae a 7 dager Np Ie 7 2 
i , J = : 


=. 


wit) 









=) 


* al ‘a - 
es 
ae: 


LIST OF PHOTOGRAPHS 


Photograph Page 
1. Transverse section of normal umbilical cord to show 
umbilical artery 74 
2. Rat heart section to show adrenergic nerve endings 78) 
3. The section as in photograph 2, but after water treatment RS 
4. Rabbit aorta to demonstrate nerve endings in adventitia. 
Tissue frozen and sectioned 5 minutes after death 77 
5. Rabbit aorta as in photograph 4, but frozen and sectioned 
1 hour after death Ue 
6. Blood vessels in rabbit heart detected in tissue which was 
frozen and sectioned 1 hour after death of animal 78 
7. Blood vessel, with adrenergic nerve endings, rabbit spleen 
after storage overnight in Krebs. 80 
8. Blood vessel, from rabbit spleen as in photograph 7, but 
incubated with 10 ug/ml noradrenaline for 30 minutes. 80 
9. Unilocular fat cells from rabbit spleen 81 
10. Unilocular fat cells from rabbit spleen incubated with 
10 ug/ml noradrenaline for 30 minutes 81 
11. Umbilical artery after incubation with 40 ug/ml noradrenaline 
for 30 minutes 82 
12. Same section as illustrated by photograph 11, but after 
water treatment 82 
13. Umbilical artery elastic fibers after incubation with 
40 ug/ml noradrenaline for 30 minutes 83 
14. Same section as illustrated by photograph 13, but after 
water treatment 83 
15. Umbilical artery after incubation with 10 ug/ml noradrenaline 
for 30 minutes 85 
16. Sequential section to that illustrated by photograph 15 but 
heat treated with no paraformaldehyde 85 
17. Umbilical artery pretreated with 107" parnate for 30 


minutes and then incubated with 40 pg/ml noradrenaline for a 
further 30 minutes 86 


@HTAADOTOHT IO Tall 


sped 
wore o4 bros fealitdmy fenton to norso9e onrsvensat- 
AY | yisiie Leott 

ay agntbas svion oigtenexbs wode oJ noitose J1seq IaH 
ey jnomisets t9jev testis jud ,.$ dqstgotodq mt eas moktose sAiT 
.pijtinevbs ot epnibas svisn siex1jenomeb o3 S3708 sthddel 
tt dteob tatts estumim c hanakyer? bos sesort sueet? 
benotisex2 bos mssox2 tod ys deieaninte at es sitos tidded 
vs djeeb r9tts aod I = 
osw fottw aueeti mb betosteb tused tiddst ni elseeav boold 
AY lamiae to disab rotts tuvon £ bsnoltose bas mssott 
noolqe ttddsy ,eantbas svienm ofgrsietbs djiw .iseesv boold 
O8 .edovd ni Sdytorsvo egstote todts 
tud ,V fide tgosong nies nesiqe tiddsx moyt ,Tsaesyv ‘pool 
08 cgivaiini kon Of sot snotisnstTbstor fm\gu Of fa bw bsssduont 
[8 aselae +hdde mori eliso. jai ‘aeluool iat 
d3tw beteduonit asalde tiddex mov? effas tet ee 

Is astumio O& 208 onilsastbsson fm\gu Of 


entisnetbsxon Im\sy 08 dutw motseduonl - sai te gee adecag | gpers 
| 302: 


totts tud ,[I dqstgotodg yd Sedsizei lk ee notjaee smBz 





68 4oomisett aud 
itiw motieduont Yeite-eaxsdk? obsasks ae. 

£8 zojuntm Of x0 anilsnatbs2ea 

- asdis gud ,éL dgnrgoteilg “ een 


a hy 


Lae 


Te Se senna, 





Corr \ a 0. fiw rw OF J 
. de S # 
meh T dai hen, 


fj a 




















i 


(a | 
Aa 
: } 


— 


7. 


= : 


ad 


rs 


5 
+ 


oe 












"Hallo!" said Piglet, "What are you doing?" 

"Hunting," said Pooh. 

"Hunting what?" 

"Tracking something," said Winnie-the-Pooh very mysteriously. 

"Tracking what?" said Piglet, coming closer. 

"That's just what I ask myself. I ask myself, What?" 

"What do you think you'll answer?" 

"I shall have to wait until I catch up with it, " said 
Winnie-the-Pooh. 


i] 


A. A. Milne 
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I. INTRODUCTION 


A. GENERAL INTRODUCTION 


Cocaine has been claimed to produce an increase in the 
sensitivity of the effect of adrenaline, noradrenaline and 5-hydroxy- 
tryptamine on the blood vessels of the human placenta and umbilical 
cord (von Euler, 1938; Eliasson and Astrom, 1955; Astrtm and Samelius, 
1957; Gulati and Kelkar, 1971). In other vascular tissues the mode of 
action of cocaine in producing supersensitivity to noradrenaline is 
generally thought to be by blockade of neural uptake of noradrenaline 
and thus increasing the local concentrations of noradrenaline in the region 
of the receptors. In tissues which are not innervated this mechanism 
is not available to cocaine. It is commonly thought that the blood 
vessels of the placenta and umbilical cord do not receive innervation, 
although this view has recently been questioned (Ten Berge, 1962a, 1962b, 
1963; Jacobson and Chapler, 1967, 1968; Fox and Jacobson, 1969a). 

The problem of the innervation of the placenta and umbilical 
cord and the mode of action of cocaine in this system is examined in 
this introduction first by a discussion of the structure and function 
of the placenta, a review of publications describing the responses of 
this organ to pharmacological agents, and finally a discussion of the 


possible mode of action of cocaine. 


B. STRUCTURE AND FUNCTION OF THE PLACENTA AND UMBILICAL CORD 


The human placenta is of the hemochorial type (Grosser, 1927), 


the foetal blood being separated from the maternal blood by the three 
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layers of the maternal membrane (endothelium, connective tissue and 
epithelium). At full term the umbilical cord with its arteries and 

one vein enters the "chorionic plate"; the umbilical vein transports 

blood to the foetus under a pressure of about 30-60 mm Hg (Reynolds, 

1954) and the umbilical arteries return blood to the placenta at 
approximately 90/55 mm Hg (Nyberg and Westin, 1958). Dawes (1964) has 
estimated that 55% of the combined ventricular output of the foetal 

heart leaves by way of the two umbilical arteries which anastomose prior 
to entering the placenta (Arts, 1961; Panigel, 1962; Crawford, 1962). 
Placental circulation in monkeys has been well described by Ramsey (1960), 
using the angiographic technique, and the "Physiological theory", which 
supposes that maternal blood enters the intervillous space of the placenta 
in spurts and diffuses into relatively localized areas where it circulates 
about the placental villi before leaving by nearby veins, is generally 
accepted. It is thought that this circulation pattern also occurs in 


the human placenta but may differ in other mammals. 


C. POSSIBLE MECHANISMS OF POST-PARTUM CHANGES 


Several important changes occur in the fetal cardiovascular 
system at birth: 

1) Interruption and eventual obliteration of the umbilical 
vessels. 

2) Closure and eventual obliteration of the ductus venosus. 

3) Closure of the foramen ovale and final separation of the 


two atria by a definite septum. 
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4) Gradual constriction of the ductus arteriosus and eventual 
obliteration and transformation into a fibrous structure. 

5) Dilation of the pulmonary arteries. 

6) Elimination of the placental circulation and redistribution 


of blood flow and vascular resistance. 


Little is known by which mechanisms the ductus arteriosus (D.A.), 
ductus venosus (D.V.) and umbilical arteries (U.A.) close at birth; 
several mechanisms, however, have been proposed and these can be 
summarised briefly: 

1) po.. Assali et al. (1968) have demonstrated in the lamb 
that a critical po, of 55 mm Hg is necessary before a decrease in D.A. 


flow occurs. An increase in pO, of perfusing fluids causes strong 


2 
contractions of isolated placental and cord vessels in both animals 

and man (Schmitt, 1922; Haselhorst, 1929) and anoxia causes vascular 
dilation (Haselhorst, 1929). 

2) Temperature. Decreased temperature causes constriction of 
the umbilical arteries (Haselhorst, 1929); however, in certain ruminants, 
the vessels contract into the abdomen and in these cases temperature 
changes cannot be the primary cause of the closure. 

3) Mechanical Mechanisms. A Bayliss-type response (due to 
stretch) has been suggested by Shepherd (1968) as being responsible 
for the closure of the cord vessels. 

4) Amine Mechanisms. Podegra (1967) has suggested that 


5-hydroxytryptamine may be involved in the closure of the cord vessels 


at birth because the smooth muscle is very sensitive to this substance. 
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Brzezinski et al. (1962) have shown that placental 5-hydroxytryptamine 
levels increase during pregnancy whilst those of monoamine oxidase (MAO), 
found in placenta and amniotic fluid by Luschinsky ee Singher (1948), 
decrease. Koren et al. (1965, 1966a, 1966b) also postulate an important 
function for 5-hydroxytryptamine in the initiation of parturition. 

Gokhale et al. (1966) have suggested a possible function of 
histamine in constricting human umbilical vessels, and Kahlsson and 
Rosengren (1968) have suggested a similar role for histamine in the rat. 

Born et al. (1955), Kovalcik (1963), Ehinger et al. (1968), 
Boréus et al. (1969), and Aronson et al. (1970) have suggested that 
noradrenaline, adrenaline and acetylcholine may be implicated in the 
closure of the D.A. and D.V. The studies of Assali et al. (1968), 
however, do not entirely support this hypothesis. 

5) Bradykinin. A role of this kinin in human umbilical artery 
closure has been postulated by Gokhale et al. (1966), Eltherington et al. 
(1968), and Melmon et al. (1968). However, Bor and Guntheroth (1970) 
found that closure of the D.A. and U.A. can occur in the apparent absence 
of bradykinin. 

6) Oxytocin. Oxytocin, a vasoconstrictor in the placental 
circulation and umbilical arteries, can be used for the bioassay of 
oxytocic activity (Krejci, personal communication). It is, however, 
questionable whether maternal oxytocin could reach the foetal circulation 
in sufficient amounts to close the umbilical artery because of the high 
concentration of placental oxytocinase (Polacek et al. 1970). 

7) Angiotensin. Angiotensin has been shown by Gauteri and 


Mancini (1967) to constrict the placental vasculature, and renin production 
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has also been demonstrated in the chorion of the placenta. 

8) Prostaglandins. Karim (1966, 1967), Karim and Devlin (1967), 
and Hiller and Karim (1968) have demonstrated the presence of prostaglandin 
EL [PGE,], PGE,; PGF, and PGF, in the amniotic fluid and umbilical cord 
of humans. PGE, , F, and F, are capable of constricting the umbilical artery 
and it has been suggested that these may have a function in closing the 
umbilical artery when the foetus has been expelled since earlier in 
gestation the vessels do not contain these contractile prostaglandins. 


Karim (1970) has also used PGG, for inducing therapeutic abortion. 


Z 
Despite our increasing knowledge of this area, we are still unable 
to say what mechanisms are involved in the closure of the three foetal 
systems: the ductus arteriosus, the ductus venosus and the umbilical 
arteries. In the case of the D.A. and D.V. it has been stated that 
adrenergic nerve fibres are associated with these organs (Ehinger et al., 
1968; Boréus et al., 1969), but this does not necessarily imply that 
noradrenaline is the mediator for closure (Assali et al., 1968). Pearson 
(1970) has demonstrated that a small bundle of nerve fibres pass from 
the anterior and posterior vagal trunks between the layers of the 
hepatogastric ligament. These fibres pass to the junction of the 
umbilical vein and ductus venosus walls. Nerve fibres pass to this 
junction and to the proximal portion of the umbilical vein, nerves 
from the celiac plexus are present and thus it is possible that both 
sympathetic and parasympathetic nerves could function in this 


region. 
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D. INNERVATION OF THE UMBILICAL CORD AND PLACENTA 


Galen (130-200 A.D.) stated that the human placenta and cord 
lacked innervation and since this time the accuracy of this statement 
has been questioned on numerous occasions. Lack of innervation in 
both the human and certain other animals has been supported by the 
work of Schott (1836), Valentin (1837), Kolliker (1879), Goenner (1906), 
Bucuras¢lo907. 1908). ochmitt (C1922) ,.otuhr (1928,-1932a, 1932b, 1938)’; 
Spivack (1943), but the positive findings of Fossati (1905, 1906, 1907), 
Argaud (1922), Mabuchi (1924), Dancz (1931), Ooi (1934), Scalzo (1939, 
1940), Coujard (1952), Kernbakh (1959) and TenBerge (1962a,1962b,1963) 
have contradicted their findings. Ueda (1931) also suspected from pharmaco- 
logical studies that the human placenta and umbilical cord must be innervated. 

More recently, Jacobson and Chapler (1967), using the methylene- 
blue immersion technique of Miller and Kasahara (1963), found numerous 
nerve trunks in the human placental villi. The small vessels within the 
human amnion and the chorion were also found to be accompanied by fine 
nerve fibres (1968). Similar results were then obtained when the 
human umbilical cord was examined using this method by Fox and Jacobson 
in 1969(a) and a plexus of nerves near the walls of the umbilical cord 
vessels was found in the Wharton's Jelly. Fox and Jacobson thus 
proposed that vasomotor responses in the umbilical cord vessels could be 
mediated by a neural mechanism. Fox and Jacobson (1969b) later showed 
that there was also a rich plexus of nerves in the placental system 
of the two sub-human primates, Macacu philltpnests and Gralago 
crosstcaudatus. Lauweryns (1969) studied the osmium-iodide nerve-staining 


technique of Champy-Coujard as used by TenBerge (1962a, 1962b, 1963). 
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and concluded that it lacked the required selectivity needed for nerves; 
similarly the methylene-blue technique used by Fox and Jacobson (1968, 1969a, 
1969b) and Jacobson and Chapler (1967) lacked sufficient selectivity. 
The nerve trunks found by these workers probably represent collapsed 
chorionic capillaries or strands of connective tissue. Margot Roach 
(personal communication) believes that the nerve fibres demonstrated 
by various people may in fact be muccopolysaccharide strands stained 
by the histological technique employed. Ammorozo, who has performed 
extensive studies on foetal circulation (reviewed by Barclay et al., 
1944) also believes that the recent reports of nerves in the umbilical 
cord were likely to be artifacts (personal communication). He has 
only ever seen nerve-like structures in two ox umbilical cords. 

Pearson and Sauter (1969) found that innervation was fairly 
rich within the first few inches of the cord but beyond this point 
the nerves quickly decreased in number. ''End-nets" were only present 
as far as four inches from the umbilicus. Nadkarni (1970), however, 
although failing to demonstrate nervous tissue in the human umbilical 
cord using silver stains, claimed to have demonstrated myelinated nerves 
in the mid-zone of the cord by using electron microscopic methods. 
Leeson and Leeson (1965) were unable to detect nerve fibres associated 
with the blood vessels of the umbilical cord of the rat using electron 
microscopic methodology. Perhaps species differences may partly explain 
the differences found in studies of umbilical innervation. Thus, 
Hiilsemann (1971) using electron microscopic methods failed to detect 
any extrafoetal innervation of the guinea-pig umbilical cord. Lachenmayer 


(1971) utilizing light and fluorescence microscopic studies detected 
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adrenergic fibres only in the vicinity of the umbilicus (guinea-pig, 
man, mouse and rabbit). Ellison (1971), by employing a thiocholine 
technique, revealed extrafoetal acetylcholinesterase-positive nerves 

in the full-term human umbilical cord. Nerve bundles passed from the 
foetus into the cord and split into a plexus and beaded nerve terminals 
were found 15-20 cm from the foetus. Although some of these endings 
touched the media of the vein, he thought it unlikely that they could 
detect chemical changes in the venous blood. Ellison did not detect 

the "sub-amniotic neural plexus" described by Fox and Jacobson (1969a) 
and extends the opinion that the plexus was probably due to intercellular 
substance stained with methylene blue, thus supporting Lauweryns (1969). 
Ellison also examined the extrafoetal vitelline vessels of the rat 

and found a plexus around the blood vessels and thus it is possible 

that closure of the extrafoetal vitelline vessels of newborn rats is 
under neural control; however, nerves cannot be implicated in closure 
of the vessels of the allantoic part of the umbilical cord of the rat 
since these vessels are not innervated. 

Read and Burnstock (1970) have detected adrenergic nerves in 
various foetal organs by incubating pieces of such tissues in MAO- 
resistant o-methyl noradrenaline. This technique increases the content 
of neuronal catecholamine and facilitates the detection by fluorescence 
histochemistry, of nerves with subthreshold noradrenlaine. Using the 
same technique, Walker and McLean (1971) failed to detect adrenergic 
nerves in the human umbilical cord. 

The absence of adrenergic nerves is further substantiated by 


the lack of noradrenaline in the umbilical cord tissues (Davidgnon, 1964). 
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Lachenmayer (1971), however, has detected very low concentrations 

(0.03 - 0.06 ug/g) of noradrenaline in whole umbilical cord homogenates 
using samples obtained from the guinea pig and the rabbit. It is 
possible, in the absence of information as to what portions of the 
umbilical cord were used, that samples may have included the nerve 
containing proximal end of the umbilical cord. Noradrenaline and 
adrenaline have been detected in the amniotic fluid of the human by 
Zuspan (1970), but this probably originates from the foetal urine. 
Coraboeuf et al. (1970) have found that acetylcholine could be released 
from chick embryo heart even before the heart was innervated. The 
placenta has been shown to contain acetylcholine (Chang and Wong, 1933), 
cholinesterase (Werle and Hartman, 1952) and MAO (Luschinsky and Singher, 
1948). MAO has also been detected in the umbilical cord by Gennser 

and Studwitz (1969). If cholinergic and adrenergic nerves are not 
present in this tissue then it is interesting to speculate as to the 
function of these mediators and enzymes. It is unlikely that these 
substances are directly related to an intrinsic innervation since it 
would seem that innervation would have developed by term. Nerves 

which contain noradrenaline can be detected in foetal tissues at 
approximately 12 weeks or even earlier if the tissues are incubated 
with noradrenaline (Read and Burnstock, 1970). The MAO patterns may 
reflect the developing adrenergic innervation of the vessels, just as 
the development of MAO activity during ontogenesis of the chick is 
regarded as reflecting the appearance of sympathetic innervation in 
this animal (Ignarro and Shideman, 1968). Alternatively it may be 


suggested that nerves are present earlier in development but degenerate 
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toward term; this is unlikely since Ehinger et al. (1968) were unable 
to detect adrenergic nerves in the umbilical cord of 20-24 week old 
human foetuses, although nerves were detected in the ductus venosus 
portion. 

With regard to the innervation of the placenta and umbilical 
cord one can conclude that although generally accepted as being devoid 
of innervation there is a lack of complete agreement to this statement. 
Even though the human placenta and umbilical cord may lack innervation, 
the vessels have been shown to be sensitive to the action of neuro- 


hormones and other drugs. 


E. PHARMACOLOGY OF PLACENTA AND UMBILICAL CORD 


Many perfusion experiments have been performed to discern the 
effects of various drugs on the placental vaculature. The mechanism 
of action of adrenaline, noradrenaline, acetylcholine, 5-hydroxytryp- 
tamine and histamine on the placental vasculature has captured the 
interest of numerous investigators (von Euler, 1938; Dornhorst and 
Young, 1952; Eliasson and Astxém, 1955¢ Astrém and Samelius,. 1957; 
Gauteri and Cuichta, 1962, 1963, 1964; Gauteri and Mancini, 1964). 
Many drugs can cross the placental barrier and thus their effects on 
the placental vasculature is important for it is possible that when 
such drugs are administered to pregnanat women they may disturb the 
homeostatic conditions of the placenta and exert serious effects on 
the foetus. Evidence suggests that noradrenaline can in fact cross 
the placenta aid affect the haemodynamics of the foetus (Beard, 1962; 


sandier et al. .91963),, 
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Schmitt (1922) was one of the earlier workers to test the effects 
of drugs on the placental vasculature. He found that histamine, posterior 
pituitary extract, or barium chloride contracted the isolated human 
placental vessels, amyl nitrite produced a dilation, and adrenaline 
had no effect. He believed the inactivity of adrenaline to be evidence 
that the human placenta is not adrenergically innervated. 

Kosakoe (1927) reported that adrenaline produced constriction 
of the vessels in perfused human placentas. Ueda (1931) confirmed 
this effect of adrenaline and later (1932) found that vessels in 
placentas removed prior to the sixth month of pregnancy were unres- 
ponsive to adrenaline and pilocarpine, but that vasculature in placentas 
removed after this time was constricted by adrenaline and dilated by 
pilocarpine. 

Eliasson and Astrém (1955), by perfusing via one umbilical 
artery, found that D(-)adrenaline and D(—)noradrenaline caused a marked 
constriction in placentas with long (at least 8 cm) umbilical cords. 

A lesser degree of constriction was noticed with placentas with short 
cords or where the cord was absent. It is thus possible that the 
principal site of action of adrenaline and noradrenaline is on the 
umbilical cord vessels. They also found that 5-hydroxytryptamine and 
histamine caused vasoconstriction whereas acetylcholine had variable 
effects. 

Nyberg and Westin (1957) found that adrenaline, noradrenaline, 
and an increase in oxygen tension all resulted in an increase in 


perfusion pressure. 
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Astrém and Samelius (1957) found that 5-hydroxytryptamine 
caused a constriction of the placental vessels in perfusion experiments. 
Similarly, Panigel (1959) found that adrenaline, noradrenaline, 5-hydroxy- 
tryptamine and dihydroergotamine produced vasoconstriction and that the 
action of 5-hydroxytryptamine was inhibited by BOL (d-—2-bromolysergic 
acid butanolamide). The placental vasculature as a whole appeared to 
be less responsive than umbilical vessels. 

Goerke et al. (1961) developed a technique whereby both foetal 
and maternal sides of the placenta are merrumed: An increase in 0, 
and cO., tensions produced constriction and dilation respectively. 
Histamine and 5-hydroxytryptamine caused constriction of the umbilical 
artery, but the action of noradrenaline and adrenaline was unclear. 
Krantz et al. (1962) and Hamrin et al. (1971) have developed a similar 
but somewhat more sophisticated procedure which has not yet been used, 
to study the responsiveness of placental and umbilical vessels to 
drugs. 

In situ placental perfusion experiments have been conducted 
by Dawson and Robson (1940) on cats and dogs. Adrenaline was found 
to cause an increase in perfusion pressure. Dornhurst and Young 
(1952), using the in vivo perfusion of guinea pig and rabbit placentas, 
found that adrenaline and noradrenaline may act upon maternal and 
placental circulations directly rather than by production of uterine 
contractions. In either case, the result would be an impairment 
of placental blood flow with a subsequent production of foetal 


asphyxia. 
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The results of placental perfusion investigations are by no 
means in agreement either quantitatively or qualitatively. Even when 
rigid control of the artificial environment is maintained, and careful 
techniques practised, the simulation of a true maternal-foetal relation- 
ship is very difficult. This may explain the difference in the nature 
of the effects of certain drugs on the placental vasculature. Takenaka 
(1963) noted contractions to both tyramine and noradrenaline in isolated 
spirally cut umbilical arteries of the human, but the responses to 
histamine and 5-hydroxytryptamine were much greater. 

It is interesting to speculate on the effects of cocaine on the 
adrenergic mechanisms in this vascular system. von Euler (1938) showed 
that cocaine could potentiate the effects of adrenaline in the isolated 
perfused human placenta. Eliasson and Astrém (1955) also found that 
cocaine enhanced the actions of 5-hydroxytryptamine, noradrenaline and 
adrenaline in a few instances. If the placental and umbilical 
vasculature system is not innervated then it would seem possible that 
cocaine cannot be potentiating the action of adrenaline and noradrenaline 
by blocking neural uptake. Somlyo et al. (1965) were, however, unable 
to confirm the potentiation effect of cocaine on noradrenaline responses 
in helical strips of the human umbilical artery. Dyer (1969, 1970a, 
1970b) found that cocaine potentiated 5-hydroxytryptamine responses in 
spirally cut sheep umbilical blood vessels but had only a small effect on 
responses to noradrenaline and adrenaline. Gulati and Kelkar (1971), using 
a technique similar to that described by Gokhale et al. (1966) for perfusion 
of the human umbilical artery, have found that cocaine could augment 


the responses to tyramine and noradrenaline, but not those to adrenaline, 
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acetylcholine and 5-hydroxytryptamine. 


F. POSSIBLE MECHANISMS OF ACTION OF COCAINE 


Cocaine has long been known to augment the pressor action of 
certain catecholamines (Frohlich and Loewi, 1910). There would appear 
to be two general types of mechanism whereby cocaine can cause poten- 
tiation of adrenergic responses: 

1. Inhibition of catecholamine inactivation (blockade of 
uptake; inhibition of MAO; inhibition of catechol-o-methyl-transferase 
[COMT]). 


2. Direct effect of cocaine on the effector tissues. 


The evidence for both these types of mechanism is discussed below. 


1. Inhibition of inactivation of catecholamines by cocaine. 


(a) Blockade of MAO and COMT 

Gaddum and Kwiarowski (1938) suggested that cocaine caused 
supersensitivity to adrenaline by the inhibition of MAO. However, the 
concentration of cocaine required to inhibit MAO (Philipot, 1940) is 
103 to 10© times those required to produce supersensitivity. Cocaine 
can also potentiate cobefrine which is not metabolised by MAO (Jang, 
1940). More recently the use of potent MAO inhibitors have indicated 
that little or no supersensitivity can be produced following MAO 
inhibition (Furchgott, 1955). 

Inhibition of COMT has also been implied, but cocaine can 


produce supersensitivity to amines not metabolised by COMI (Trendelenberg 
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et al., 1962b), and while inhibition of COMT can produce a prolong- 
ation of responses to noradrenaline and adrenaline there is little 
increase in magnitude of the response. There is no evidence that 


cocaine can inhibit COMT and this possibility can be dismissed. 


(b) Inhibition of catecholamine uptake 


It was postulated by Burn (1932) that catecholamine storage 
sites existed which could be replenished from the extracellular fluid 
adjacent to the nerve ending. The experiments of Whitby et al. (1960), 
Dengler et al. (1961), and Muscholl (1961) have demonstrated that 
cocaine can inhibit noradrenaline uptake into sympathetic nerve endings. 
Also a correlation between blockade of noradrenaline uptake and the 
sensitization caused by cocaine has been demonstrated by Macmillan (1959), 
Whitby et al. (1960), Furchgott et al. (1963), Hardman et al. (1965), 
Trendelenburg (1966), Draskoczy and Trendelenburg (1968). The "uptake 
theory'' of supersensitivity (Trendelenburg, 1966) has thus been generally 
accepted to explain the action of cocaine. Many other drugs, besides 
cocaine, have also been shown to compete with noradrenaline for uptake 
into these storage sites, and Iversen's work (see review, 1967) compares 
these compounds and their relative efficiency in blocking catecholamine 
uptake. Further support for this theory is provided by the observation 
that cocaine does not sensitize sympathetically denervated tissues 
(Langer et al., 1967) and that its sensitizing action appears to be 
stereospecific for agents that are taken up into the adrenergic nerve 
endings. Further support for the suggestion that cocaine acts by inhi- 


bition of catecholamine uptake has been provided by Tye et al. (1967). 
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2. Direct Action on the Effector Cell 

Although the “uptake theory" is fairly widely accepted, some 
evidence exists that cocaine may sensitize adrenergic responses by a 
mechanism(s) other than that of an inhibition of uptake into the nerve 
ending. Before the advent of the "uptake theory", Clark (1937) 
suggested that supersensitivity may be due to an altered affinity of 
the receptors for agonists. This suggestion was later supported by 
Maxwell et al. (1959; 1961). Although Trendelenburg (1965) showed that 
D(-)noradrenaline was taken up more readily than L(+)noradrenaline in 
the cat nictitating membrane, it was later shown by Draskoczy and 
Trendelenburg (1967, 1968a) that there was no difference in uptake 
between D(-) and L(+)noradrenaline in the isolated perfused rabbit 
heart. Iversen et al. (1971b) demonstrated, by use of an in vivo 
double isotope technique, that in the rat and mouse heart (-)noradrenaline 
was taken up significantly more rapidly than (+)noradrenaline, but no 
stereochemical selectivity was found for noradrenaline uptake in guinea 
pig hearts. Obviously, considerable species differences may exist in 
this phenomenon (cf. Jarrott, 1970). Maxwell (1965a) and Reiffenstein 
(1968) have pointed out that potentiation of agonist responses in isolated 
tissues is inadequately explained by the “uptake theory''. Maxwell 
et al. (1966) also found no parallelism between the degree of block 
of uptake and the degree of supersensitivity to noradrenaline. 

Varma and McCullough (1969) found that, by cold storage of 
smooth muscle, it was possible to dissociate the supersensitivity to 
noradrenaline caused by cocaine from inhibition of H?-noradrenaline 


uptake. Based >.n the doubtful hypothesis that most of the uptake and 
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storage of noradrenaline is in sympathetic nerves (Stromblad and 
Nickerson, 1961; Wolfe et al., 1962) and that cocaine inhibits the 
uptake of noradrenaline by the sympathetic nerves (Maxwell fetealt, 1968), 
Varma reasoned that, if supersensitivity is due to inhibition of 
noradrenaline uptake, cocaine should not sensitize a nerve-free tissue 

to noradrenaline. Nerve-free smooth muscle was obtained by cold-storage of 
(6-8°C for 7 days) rabbit aortic strips, rabbit splenic capsules and 

rat nictitating membranes, and the effect of cocaine on the noradrenaline 
responses was thus determined after degeneration of intrinsic sympathetic 
nerves. Ambache (1946), and Kosterlitz and Lees (1964) had observed 

that whilst cold storage leads to degeneration of intrinsic nerves the 
responsiveness of the tissue was only slightly altered. It was found that 
whilst (+)-H3-norepinephrine uptake was significantly reduced by storage 
in the cold, cocaine could still potentiate the responses of stored 
smooth muscle to noradrenaline. Varma suggested that cocaine may be 
acting postsynaptically, perhaps on the adrenergic receptors, and thus 
enhancing noradrenaline responses. Varma's experiments do not 
necessarily contradict Trendelenburg's "uptake theory" because this 

was based mainly on observations on nictitating membrane and heart 

under more physiologic conditions. Graefe and Trendelenburg (1970) 
report that cold storage of the muscle neither abolishes the neuronal 
uptake of noradrenaline nor the ability of cocaine to impair this 

uptake (both parameters were, however, reduced) and they thus conclude 
that there is no reason to doubt the causal relation between impairment 
by cocaine of neuronal uptake and ensuing supersensitivity to D(—)nor- 


adrenaline. Graefe and Trendelenburg's conclusions probably differ 
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from those of Varma because Varma assumed that decreased accumulation 
of exogenous H?-noradrenaline is a measure of neuronal uptake, whereas 
Graefe and Trendelenburg state that a decreased accumulation of >= 
noradrenaline in whole tissue is not necessarily indicative of a 
failure of the uptake across the nerve membrane. 

Langer et al. (1967), as previously stated, showed that cocaine 
did not sensitize sympathetically denervated tissues; however, Ozawa 
and Sugawara (1970) found that cocaine potentiated noradrenaline responses 
after denervation of the guinea pig vas deferens. Possibly tissue 
and/or species differences may exist which would help to explain some 
of these apparent contradictions. Ozawa and Sugawara conclude that 
the supersensitivity of the isolated guinea pig vas deferens to 
noradrenaline is mainly due to impairment of noradrenaline uptake into 
the adrenergic nerve endings but that a postsynaptic mechanism, namely 
an action on the receptor and on the muscle membrane, cannot be excluded. 
In a denervated tissue the amine uptake mechanism is, of course, 
inoperative (Birmingham, 1970); thus cocaine potentiation, if it occurs, 
must be due to a postsynaptic effect rather than blockade of uptake. 

In support of the theory that cocaine causes supersensitivity 
to noradrenaline by directly altering the receptor mechanism is the 
recent work of Innes and Karr (1971). They suggest that the combination 
of cocaine with cellular sites alters the adrenoceptive receptor sites 
and thus causes the observed supersensitivity. Support for this hypo- 
thesis is provided by the observation that phentolamine can protect 
the a-adrenergic receptor against cocaine potentiation (Innes and Karr, 


1971). In this technique the tissue was tested for cocaine potentiation, 
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in a protected tissue, when the adrenergic blocking action of phentolamine 
had been washed out. 

An interesting observation reported by Wakade et al. (1970) was 
that supersensitivity to 5-hydroxytryptamine after postganglionic sympa- 
thetic denervation, decentralisation (pre-ganglionic denervation), and 
cocaine treatment may be partly due to the impairment of the uptake process 
and partly due to changes in the postsynaptic membrane. Cocaine increased 
the 5-hydroxytryptamine response of the denervated meeiearing membrane 
of the dog, but had no effect on the noradrenaline response. Cocaine 
treatment led to a further increase in sensitivity of the decentralised 
membrane to noradrenaline; however, in such a preparation the uptake 
mechanism is still intact but the capacity of the adrenergic nerve 
endings for the uptake may have been reduced after decentralisation. 
Certainly the evidence suggests that cocaine potentiates the 5-hydroxy- 
tryptamine response partly by changes in the postsynaptic membrane. 

Fleming (1971) concluded that supersensitivity of denervated 
rat diaphragm had two components: a marked highly specific super- 
sensitivity to cholinergic agents and a small, nonspecific supersensi- 
tivity to potassium. It was suggested that postjunctional supersensitivity 
of denervated smooth and cardiac muscle resembled the second component 
(nonspecific supersensitivity) and that supersensitivity in smooth 
and cardiac muscle may be the result of changes in membrane or coupling 
mechanisms rather than from invocation of the nebulous concept of an 
increase in the number of receptors. Possibly cocaine may also induce 
similar changes in smooth muscle. 

The work of Kalsner and Nickerson (1969a,b,c,d) and Kalsner (1971), 


using the oil immersion technique to eliminate the diffusion of drugs 
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from rabbit aortic strips, has suggested that the increased amine response 
after cocaine is more likely due to a direct action on effector cells. 
The evidence can be summarised thus: 

1) Cocaine has been found to potentiate methoxamine, an amine 
which has negligible affinity for the nerve membrane transport system, 
and which cannot be inactivated by other processes (COMT or MAO). 

2) Histamine responses are enhanced by cocaine although it has 
no effect on the rate of inactivation of this amine; 5-hydroxytryptamine, 
however, is not potentiated (rabbit aorta) although uptake is decreased 
by cocaine. 

3) Responses to noradrenaline are potentiated by cocaine even 
when strips are stored for 10 days in the cold, or at 37°C for 28 hours 
to permit degeneration of the sympathetic nerve terminals. This 
supports the results obtained by Varma and McCullough (1969) described 
previously. 

4) Phenylephrine responses are potentiated by cocaine after 
all known intraneuronal mechanisms of amine disposition are eliminated 
by pretreatment with reserpine and a MAO inhibitor; changes in solubility 
of the drugs after oil-immersion occurs is not known and this, of course, 


may complicate interpretation of the results. 


Kalsner and Nickerson's work is also dependent on the hypothesis 
(as demonstrated by the use of the oil immersion technique) that neuronal 
uptake and storage can play a relatively minor role in terminating the 
action of noradrenaline in the rabbit aorta. 

Leszkovsky and Tardos (1968) also showed that cocaine poten- 
tiated the responses to isopropylnoradrenaline (INA) in cat spleen 
strips (this amine is not taken up by adrenergic nerves (Hertting, 


1964; Iversen, 1964; Hardman et al., 1965). Similarly, Davidson 
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and Innes (1968) have also demonstrated supersentivity to INA 

in the presence of cocaine using isolated cat spleen strips; INA 

acts on aq-excitatory receptors in this tissue (Bickerton, 

1963). Provided that INA is not taken up into nerve terminals, 

this observation supports the hypothesis that cocaine has 

an effect on the postsynaptic membrane in order to cause INA poten- 
tiation. Uptake of INA by the guinea pig trachea has been shown by 
Foster (1969); however, this probably represents extraneuronal uptake 
and is not blocked by cocaine. 

Reiffenstein (1968) demonstrated, using cat spleen strips, 
that while cocaine did not increase the rate of contraction of these 
tissues it did increase the strength of contraction induced by nor- 
adrenaline. 'Uptake theory" predicts that an increase in effective 
concentration should have increased contraction rate. An explanation 
was given in terms of Paton's rate theory of drug action (1961) and 
an allosteric alteration of the a-receptor by cocaine. Further 
support for this theory is suggested by Reiffenstein and Nakatsu (1968) 
and Nakatsu and Reiffenstein (1968) who show that cocaine cannot 
be acting only by blocking noradrenaline are They suggest that 
the increased utilization of available a-receptors in the presence of 
supramaximal doses of noradrenaline after phenoxybenzamine treatment 
is due to an increased efficacy, again possibly due to an allosteric 
alteration of the a-receptor by cocaine. 

Bevan and Verity (1967) prepared a surgically denervated 
preparation by stripping the adventia from the rabbit aorta; on this 
preparation cocaine did not change the slope, or shift the dose-response 


curve but did significantly increase the maximal contraction of the 
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strips. Using innervated strips, cocaine was found to cause a shift 
of the dose-response curve and thus they concluded that the super- 
sensitivity produced was due to both a pre-synaptic mechanism and a 
direct component of action on the smooth muscle. 

The reported instances where cocaine has potentiated the effects 
of noradrenaline, adrenaline, and 5-hydroxytryptamine on placental or 
umbilical vessels would seem to suggest that cocaine must be causing 
the supersensitivity by acting on the effector cell receptor mechanism. 
However, it is known that smooth muscle itself can take up noradrenaline 
in the absence of nerve and the eeeaibiliey exists that cocaine can 


cause potentiation by interference with this mechanism. 


G. EXTRANEURONAL UPTAKE OF NORADRENALINE 


Iversen (1963) found that perfusion of a medium containing a 
low concentration of noradrenaline, 0.2 ug/ml, resulted in accumulation, 
by the heart, of this amine. Adrenaline, 0.5 ug/ml, was also found to 
be accumulated in the isolated perfused rat heart (Iversen, 1965a) by 
the same mechanism as that of noradrenaline; this observation confirmed 
the original suggestion of Stromblad and Nickerson (1961) which was 
that adrenaline and noradrenaline compete for a common uptake site in tissues. 
This neuronal uptake mechanism was designated Uptake, (U,) (Iversen, 1965b) 
= order to distinguish it from Uptake, (U,) which occurred when there 
were higher concentrations of the amines in the perfusion fluid, >1 ug/ml. 
The properties of Uy were found to be distinct from those of U, (Iversen, 


1965b). The histochemical work of Ehinger et al. (1968) suggests that 
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this uptake is both intraneuronal and extraneuronal. Extraneuronal 
uptake had already been suggested to occur in denervated tissues 
(particularly the salivary gland) where COMT and MAO had been inhibited 
(Stromblad and Nickerson, 1961; Andén et al., 1963; Fischer et al., 1965; 
Potter et al., 1965; Iversen et al., 1966; Eisenfeld et al., 1967). 
Fluorescent histochemical studies demonstrating extraneuronal uptake, 
have also been performed (Gillespie and Hamilton, 1966; Hamberger, 1967; 
Hamberger et al., 1967; Ehinger and Sporrong, 1968). Clarke and Jones 
(1969) found that this accumulation was independent of the presence 

of postganglionic adrenergic nerves by destruction of sympathetic 
terminals with 6-hydroxydopamine, the noradrenaline being mainly 

located in smooth muscle cells. However, interpretation of experiments 
using 6-hydroxydopamine are complicated by our lack of knowledge 
regarding the possible non-selective actions of this compound. Recently, 
Haeusler (1971) has demonstrated both early pre- and post-—junctional 
effects of 6-hydroxydopamine. 

Fischer et al. (1965) demonstrated that, following chronic 
sympathetic denervation of rat salivary gland, there was a greatly 
diminished ability to bind and retain 3H-noradrenaline; however, a 
residual capacity did remain and this was shown to be due to an 
extraneuronal site of noradrenaline uptake. 

Eisenfeld, Axelrod and Krakoff (1967) later found that certain 
adrenergic blocking agents decreased noradrenaline accumulation into 
extraneuronal sites of the rat heart after inhibition of neuronal uptake 
with cocaine. Metaraminol, which is a potent inhibitor of U,, has little 


effect on this extraneuronal accumulation. Normetanephrine, however 
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caused a large decrease in the amount of noradrenaline accumulated 

by these extraneuronal sites. These workers suggested that the 

proposed extraneuronal transport mechanism may either regulate access 

to the receptor or may be part of the receptor mechanism itself. 
Alternatively, the transport mechanisms may function to increase access 
of noradrenaline to the intracellular enzymes that metabolize the 
catecholamine. As mentioned, a-adrenergic blocking agents could 
decrease this extraneuronal uptake and phenoxybenzamine was particularly 
effective. The membrane ATPase inhibitor, ouabain, had little or no 
effect. 

Draskoczy and Trendelenberg (1968b, 1970) found that in the 
denervated nictitating membrane, extraneuronal uptake of noradrenaline 
was demonstrable at a concentration of 1 ug/ml racemic noradrenaline-3H. 
Extraneuronal uptake was decreased by metanephrine and by phenoxybenzamine, 
increased after COMT and/or MAO inhibition, and unchanged by cocaine or 
reserpine. The rate of uptake of different amines is in the following 
order: isopropylnoradrenaline > adrenaline > noradrenaline. 

Using the Falck fluorescent histochemical technique, Gillespie 
and co-workers (Gillespie et al., 1966; Gillespie and Hamilton, 1966, 1967; 
Avakian and Gillespie, 1967; Gillespie, Hamilton and Hosie, 1967, 19/70; 
Gillespie and Muir, 1970) have provided similar results for several 
tissues. Species differences exist (possibly related to different 
levels of MAO and COMT in tissues) and the uptake was primarily into 
smooth muscle cells although other structures also increase in fluorescence. 
The noradrenaline was rapidly lost from the tissue with a half time of 


7-8 minutes. Their results suggested that this extraneuronal uptake 
























hatealumuoos Pa to Jovome eri ot sassrosb agrel s beuins 

sft tania beteeggue aupikoe sesit .2atle fanowarne1sxe seasds yd 

229008 ostalugs: isiite vam metienosm stoqgenat [svorcsantixs beeoqo1q 
fletti matneroasm tojqsoet sdi yo 3x1aq ad ysm to tosqeses o¢3 03 

Besoon sacetonl of noliooud yemensinsdosm srogensrd eri sobeit noses 
on3 are: jada eorysio isfullsosisob sio of sutissssbeses | 

bivoo etasgs. gainsold siguensibs-5 »beaokteen #Ah =. Sirti 
iysluotjisq 2sw ie eS? .dyxonedq brie statqu Lesorveas1axs ent 
ont 10 $)c9r0 ‘bad /niedsuo:,7rottdtisk saagtA Anbxqaeen Sar “9V. 


a 


ad3 ni isda.bowoi (OGL feel) gyedneisbasat bap ysoodasad 


a 


netbaion to sisigo [sneiwesnigisxs -oastinem. guttsstioks bstsvt 


‘Hien fans tbster 3ims9B% imtey I1¢ nofgsisoisonho Ss J6 otdsraeioigh 

~ : by > 

saimesnodyxonsdg yd bas onltdqsoessem vd beesstoeb saw eaagar Danese 
16 Snuteo02 yd begnendon bor notandiaad OAM «+0 \ bre TMOD 1599385 
gniwoliol As ak 21 esntms sInsyetiib 40 subiqu Fo Saar sat .snke 
-onkisnotbsior < satisnorbs < sablsmerbsreniygemgeer +: 

asiLid ,supindosa Laotmarisosati jnsoasronht Jobat odd gnial: : 

‘TCI ,ddeL esostiimsl bas stgeallio ;d0Cl”, fs ge stqeelltd) etadaow-oo. baa 
/OFeL ,vael ,sraoll bus ootitme »skqeslito <feel ery 
{sasvea 10% atluasr yelints percent sven CNet. enim it 


ansistikh of botaton vies tel on ea 


bas, (as 


26 


was a threshold phenomenon occurring when the noradrenaline concen- 
tration was between Loan and ium g/ml. On the basis of these results, 
Gillespie et al. (1970) classified three types of amine uptake 
mechanisms: 

Uptake;: into nerve endings operating at a threshold of 1078 g/ml 
and saturating at 5 x 1077 g/ml. This uptake was stereospecific, 
reserpine resistant, and sensitive to cocaine, DMI or metaraminol. 

Uptakey9: (NOT the same as Iversen's Uo) operates at a threshold 
of 10-6 g/ml and saturates at 5 x 107° g/ml. This uptake is reserpine- 
sensitive and stereospecific and probably represents granular (or 
vesicle) uptake. It is NOT influenced by cocaine, DMI or metaraminol. 

Uptake3: (probably equivalent to Iversen's U9) operates at a 
threshold of 107° g/ml; probably not saturable, non-stereospecific, 
reserpine- and cocaine-insensitive, inhibited by o-methylated metabolites 
of adrenaline, noradrenaline and normetanephrine and by phenoxybenzamine; 
occurs in denervated tissues and represents uptake into smooth muscle 
or cardiac muscle. 

Although extraneuronal uptake is inhibited by phenoxybenzamine, 
this inhibition was not related to a-receptor blockade as it is possible 
to dissociate the concentrations necessary for blockade of extraneuronal- 
uptake and a-receptor blockade (Gillespie, 1968). Lowering the tempera- 
ture, and ouabain treatment also cause a decrease in the uptake of 
noradrenaline. However, it was not known whether the uptake is an 
active process or not; tissue to medium ratios close to three were demon- 
strated on the basis of fluorescent histochemical studies. 


Lightman and Iversen (1969) found that extraneuronal uptake of 
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noradrenaline into cardiac muscle cells could occur at physiological 
concentrations of noradrenaline and thus the extraneuronal uptake into cardiac 
muscle is not a threshold phenomenon. Thus uptake, (cf. Iversen) does not 
abruptly become activated at certain high critical concentrations of 
external catecholamine but operates throughout the range of external 
catecholamine concentration. Lightman and Iversen (1969) used nor- 
adrenaline levels from 0.5 ug/ml and upwards and found accumulation 

at this concentration, when both MAO and COMT were inhibited. It has 

not, however, been shown whether uptake into smooth muscle is a 

threshold phenomenon, but it would appear likely that it is similar 

to the uptake into cardiac muscle and is thus not a threshold process. 

The failure of Gillespie to demonstrate fluorescence in smooth muscle 
cells with noradrenaline concentration less than 10 ug/ml is probably 

due to the insensitivity of this method for detecting low levels of 
diffuse fluorescence and also due to the metabolic activity of MAO 

and COMT in the tissues. 

Jacobowitz and Brus (1971) suggest that both fibroblasts and 
vascular smooth muscle constitute major sites for extraneuronal uptake 
and metabolism of catecholamine. However, since Jarrott (1970) has 
demonstrated the existence of many species differences in the 
uptake and metabolism of noradrenaline, such findings emphasize 
that caution must be exercised in extrapolating results concerning 
noradrenaline uptake determined in one organ of one species to other 
organs and other species. This fact is illustrated by the recent work 
of Burnstock et al. (1971) who have compared extraneuronal uptake in 


rabbit ear artery to that in the non-innervated tissue of human umbilical 
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artery and chick amnion, using fluorescence histochemistry. Their 
results demonstrate that accumulation of noradrenaline within non- 
innervated smooth muscle cells is observed histochemically after 
exposure to much lower concentrations of noradrenaline (107/ g/ml) 
than in sympathetically innervated smooth muscle cells, where accumu- 
lation is observable with noradrenaline at 107° g/ml. Also, the 
uptake in non-innervated tissue is not inhibited by phenoxybenzamine, 
normetanephrine or cold, although some inhibition was apparent at 
noradrenaline concentrations lower than 1074 g/ml. After inhibition 
of COMT by catechol however, the accumulation of noradrenaline in 
innervated smooth muscle closely resembles that in non-innervated 
smooth muscle. It is possible that low levels of COMT and/or MAO 
may lower the levels of extraneuronal uptake. 


Iversen (1971) suggests that "uptake," may have an important 
role in the inactivation of circulating catecholamines and that "uptake9'"'- 
and -metabolism might be the predominant mechanism for noradrenaline 
inactivation in tissues such as vascular smooth muscle, in which the 
density of sympathetic innervation, in certain parts of the tissue, 
is very low. 

It would appear that if noradrenaline effects are potentiated 
by cocaine in the human umbilical artery and if cocaine does not 
influence the smooth muscle uptake of noradrenaline in this tissue, 
then one can conclude, providing no nerves are present, that cocaine 


induced supersensitivity is due to an effect on the muscle which causes 


an alteration of the a-receptor mechanism of the effector cells. 
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H. ALLOSTERISM AND DRUG RECEPTORS 


1. Allosteric changes and cocaine action 


It would appear that there is some justification for proposing 
that the mode of action of cocaine in producing supersensitivity to 
noradrenaline cannot be explained solely by the ability of cocaine to 
block noradrenaline uptake into the nerve ending. A possible allosteric 
alteration of the a-receptor has been proposed as a mechanism by which 
cocaine may alter the postsynaptic membrane (Reiffenstein and Nakatsu, 
1968; Reiffenstein, 1968; Nakatsu and Reiffenstein, 1968; Innes and 
Karr, 1971). The conclusions of certain other workers also suggest 
a possible change in the o-receptor (Maxwell et al., 1966; Bevan and 


Verity, 1967; Varma and McCullough, 1969; Kalsner and Nickerson, 1969b). 


2. General theories of allosterism, conformational changes, and 

cooperativity 

The evidence for the existence of allosteric interactions was 
obtained initially from enzyme studies by Monod et al. in 1963 and a 
detailed model was proposed by the same authors in 1965. 

The term "allosteric" was introduced to describe a site on the 
enzyme, distinct from the active site at which the substrate binds, 
ad which is complementary to the structure of a regulatory molecule 
referred to as the allosteric effector. One function of the allosteric 
effector is to modify the properties of the active site through a change 
(allosteric transition) in the kinetic parameters of the protein. Since 
1963 the term allosteric has been used to include the phenomenon of 


cooperativity. Thus, allosterism now describes both the effects of 
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ligand binding at a non-catalytic site on catalytic efficiency, and 
also the ability of ligand binding of the active site to affect the 
binding of additional molecules, of the same ligand, to other active 
sites. 

Many enzyme and protein systems show complexities in ligand 
binding. In particular, it is often noted that the ligand saturation 
curve does not follow the hyperbolic relationship characteristic of 
Langmuir-type absorption, but follows a sigmoid relationship. This 
Sigmoid curve suggests that at least two molecules of ligand bind 
to the protein and that the binding of the first ligand molecule 
facilitates the binding of subsequent molecules. Such a cooperative 
interaction exists, for instance, in the well-investigated oxygen- 
haemoglobin system (Adv. Protein Chemistry, 1964). 

Conformational changes induced by various substrates on the 
enzymes have also been explained by the "induced-fit" theory of 
Koshland (1963). Koshland (1958, 1959, 1962, 1963, 1964) noted that 
"lock and key" hypothesis of enzyme action, originally proposed by 
Emil Fischer in 1894, could not explain all parameters of enzyme 
systems and he thus initiated investigations which led to the "induced- 
fit" theory. Thus the active site of an isolated crystalline enzyme 
does not necessarily need to have a morphology that is complementary 
to that of the substrate. The substrate, in combining with an enzyme, 
induces a change in its conformation; this results in an enzymically 
active orientation of the catalytic groups. 

The basic features of Koshland's hypothesis are that, (a) small 


molecules induce conformational changes on binding to the enzyme, (b) a 

























, ee 
/ ; aa 
\ i ¥ a 
bas ,yoastortio ofsyisiao tro athe stiyistes-nen & Is gutbatd bregtt 


es ' m 7 
viton Sad to pokbatd basgti to yshitds ats ols 
Witsoe dio 01. bobgtf aase sd3 to astusolom fenoritbhhs to gnibatd 


Vaetke 
am : 


brsgtl ni asttixsrginc igtta emsaeve mtetorq bos omyshs: eM 


- 

: ‘ j a. j _— 
cokieiwipe boesti oft. ted3 beisom nstite er 31 4,15 dele -gntbaid 
ort: sy BS : 


ed 


odteqyd sdt wollot Jon.ease0b svagy 
rs i] 

; ; i ee ee 

etd .qidancktislroy Bbromgte s ewolloi gua fottqioeds st 


DITE rslunslom ov esol 34 3taf3 32a gu ue evi! bk: mel 
, ° ¥ , 
, nf 
‘ . é ee pe * ere 
sluastom bres 1 dt to gatbatd edt saci bie arsto1rd oid ‘ 


VEd87 OD 5 fou } Stu 5SLom 3 Hsupsedue 36 ankbaid and 29283 ELE f 


ni-lfsw o9d3 ot ,sonsteok tot petals, nokaae% 


/ (S8@f .Fatetmedd ofetoxd vbA) maseve’ atdotz® a0 


sft o Ste soubnl esyrsiio Tenoks famrotnod ~ 
to wioeds '+it+beoubnt” ofa yd benksiqxe dead a 
; =. ; 
P i Ae = we 30 osnh eX : —- rt} ; al re : 
_Sedt batom (AACL ,Faer ,Sdet .Ce@r .82e0l) basidacd » (E9QE), bas fda 


yd bseoqorq yilaotgiazo ,nolgoB Smysas to ad asritoqua ' "yoo bine oi 

smysns jo ezetemarsq ile nisiqxes Jom bives ABI ek vedoait aa | 
+bsou! ot” efi ot bs lokdw andtvawka@awnlk botsisiat aud ee ~~ 
suysas sniiisieyis bsateicas ne to ste syvijos edt evil?’ Beant” "98 i 
yisinemeigmos et 4: aid yaclodatom a: saved 03 aatameenerss ce a 


gomysns us d3iw gn 






of 








a 


el 


precise orientation of catalytic groups is needed to cause reaction and 
(c) substrates induce the proper alignment of catalytic residues whereas 
nonsubstrates do not. There is abundant evidence that conformational 
changes may occur in enzymes under physiological conditions (Yankeelou 
and Koshland, 1965; O'Sullivan and Cohn, 1966; Mehler and Cusic, 1967; 
Adelman et al., 1968; Morse and Horecker, 1968; DeLuca and Marsh, 1967; 
Hammes, 1968a, 1968b), although it has been suggested that such changes 
are usually quite small (Lumry and Biltonen, 1969). The induced-fit 
theory has been extended to explain drug action; a drug may intereact 
with an enzyme, or a noncatalytic protein, at a particular binding 
modifier (Cennamo, 1968) or allosteric site (Monod, 1966). This site 
would constitute part of the receptor, and may be visualized as 
possessing an elastic morphology which can be deformed or altered and 
then returned to its original form after deformation (Grisolia, 1964). 
Such a receptor has been described as "dynamic" by Bloom and Goldman 
(1966). Koshland's and Monod's theories are not necessarily mutually 
exclusive as the conformational change may be due to an allosteric 
process (Monod, 1966). 

Koshland et al. (1966) and Koshland and Neet (1968) have 
adapted the "induced-fit theory" in order to explain cooperative effects - 
the phenomenon that binding of one ligand molecule somehow accelerates 
binding of subsequent ones. Thus binding of the first ligand to a 
polymeric protein (which may be an enzyme containing the receptor) 
induces a conformational change in one of its subunits. The resulting 
stabilization allows stronger binding of succeeding molecules. 


Analogous theories have recently been suggested to explain the 
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conformational alteration of the protomers that constitute the 
macromolecules (Changeux et al. 1967; Wyman, 1967, 1968; Noble, 1969). 

In 1964, Belleau introduced the "macromolecular perturbation theory" 
which is really an application of the "induced-fit theory" to certain 
classes of drugs. The basic points are that: (a) Drug-receptor 
interactions very often follow the law of mass-action, mainly in 
relation to competitive antagonism. (b) Formation of the drug-receptor 
complex is attended by change in free-energy, whence it is deduced that 
this complexation takes place with chemical modification in the receptor 
due to changes in vibrational and electronic energies. (c) Conforma- 
tional changes in proteins that act as receptors convert them from 
inactive species to ones capable of catalysing reactions with substrates. 
Depending on whether the drug produced specific or non-specific conforma- 
tional changes, it would behave as an agonist or an antagonist. Support 
for this theory comes from the work of Portoghese (1965), Belleau and 


Lavoie (1968), and Kay and Robinson (1969). 


3. Allosteric changes and the cholinergic receptor 


The existence of allosteric mechanisms appears to be indicated 
for the action of acetylcholine and its antagonists at the muscarinic 
receptor (reviewed by Moran and Triggle, 1970; and Triggle, 1971), as 
an allosteric interaction accomodates, in a satisfactory manner, the 
action of atropine and related ligands. Also, following the possible 
isolation of an acetylcholine receptor, Miledi et al. (1971) found 
that prolonged exposure to acetylcholine reduced the binding of bungaro- 


toxin by as much as 80%. This evidence suggests that the desensitization 
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phenomena may involve some change in the conformation of the receptor 
molecules. 

Several investigations have also shown that acetylcholines- 
terase may be an allosteric enzyme (Changeux et al. 1968; Kitz et al. 


1970; Meunier and Changeux, 1969; Wombacher and Wolf, 1971). 


4, Allosteric changes and the adrenergic receptor 


Besides the allosteric effect suggested for cocaine and the 
evidence that cocaine does in fact alter the postsynaptic membrane 
there is also other evidence suggesting adrenergic allosteric 
changes. 

Maxwell et al. (1961) suggested that methylphenidate alters 
the affinity of the receptor substance for amines and this results in 
the supersensitivity seen after methylphenidate administration. Also, 
Maxwell (1965b) has speculated that guanethidine and derivatives cause 
supersensitivity to noradrenaline by changing the configuration of the 
receptor ''surface'"' in such a way as to improve hydrogen bonding or 
ion pair formation with selected amines and hence to enhance the 
affinity of the receptor for the amine. Varma (1966) proposed that 
the changes in sensitivity to noradrenaline, which occur in the cat 
nictitating membrane after denervation, arise from a qualitative change 
in the a-receptors. 

Patil (1969) speculated that postganglionic denervation caused 
qualitative changes in the a-receptor and altered its steric configuration. 
Patil supported this claim by showing that the isomeric ratio [ratio 


between (—) and (+) noradrenaline] was markedly different from that 
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obtained after cocaine treatment. These results can also be considered 
as reflecting a change in the a-receptor after cocaine treatment; the 
change being different from that occurring after denervation. This 
possibility has been suggested by Patil et al. (1971). 

Nickerson and House (1958) found that prolonged receptor 
blockade by phenoxybenzamine produced supersensitivity of the cat 
nictitating membrane to noradrenaline and adrenaline. They found that 
cats, pretreated in vivo with phenoxybenzamine, developed supersensiti- 
vity to noradrenaline at the same rate as those cats which had been 
denervated; this suggested to Nickerson and House that the absence of 
an effect of the normal mediator at the a-receptor was possibly a major 
factor in causing sensitzation. Kurahashi and Shibata (1971) have 
speculated that bretylium increases the sensitivity of the effector cell 
to KT or OF ahPhe by a direct action on the postsynaptic membrane of 


rabbit aortic strips. 


I. EFFECT OF COCAINE ON SMOOTH MUSCLE CALCIUM 


Shibata et al. (1971) have speculated that potentiation of 
noradrenaline responses by cocaine in rabbit aortic strips results from 
the increased entry of extracellular Canes Shibata et al. demonstrated 
that cocaine failed to potentiate the noradrenaline response in a Ca 
free medium; Ma! and Coma which are reported to inhibit Caed flux 
(Hagiwara and Nakajima, 1966; Geduldig and Junge, 1968; Shibata, 1969a) 


prevented cocaine potentiation; cocaine also potentiated the contraction 


produced when uu is added to a ca’ *-free, high potassium medium. A 
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common mechanism to explain supersensitivity in terms of an increased 
membrane permeability had already been suggested by Carrier and Shibata 
(1967) and Shibata (1969a). Cocaine has been shown to affect calcium 
binding (Hurwitz et al., 1962; Daniel, 1964). Daniel and Wolowyk (1966) 
proposed that, in uterine segments of the rabbit, cocaine caused labili- 
zation of calcium loosely bound in the membrane. The comparitively 
high concentrations of cocaine used in this study (0.1 to 2.0 mg/ml) 
caused contraction of the uterus, presumably by virtue of the Catt 
labilization; cocaine did not appear to act by releasing known neuro- 
transmitters or by directly affecting the receptors for these trans- 
mitters. An action on oxytocin receptors was also unlikely because 
oxytocin failed to produce a contraction in progesterone-dominated 
uteri at 24°C although these tissues were still responsive to cocaine. 


+4 


An effect of cocaine on Ca‘* mechanisms may also explain the muscle 


contraction induced in the rat vas deferens by cocaine (Vohra, 1969); 
cocaine and tetracaine (Vohra, 1970a) and xylocaine and procaine 

(Vohra, 1970b). Greenberg and Innes (1968), using cat spleen strips, 
suggested se noradrenaline is less dependent on extracellular Can for 
contraction in the presence of cocaine and this may be due to release, 

by eee ine of Catt from an intracellular store. Kasuya and Goto (1968), 
using the rat vas deferens, found that cocaine potentiated responses 

to noradrenaline, angiotensin, acetylcholine and potassium; they 

suggest that cocaine may act by increasing the availability of Cau. 
which may be liberated from bound stores or induced to permeate across 


the membrane by agonists. Although this evidence suggests that cocaine 


lacks selectivity in its potentiating effect, it was found in this 
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adrenergic system, and the denervated rat vas deferens (Kasuya et al. 
1969), that the degree of potentiation of noradrenaline responses 

was significantly greater than that observed with other agonists, and 
thus part of the noradrenaline supersensitivity may be based on an 
agonist-specific mechanism. Nakatsu (1968) suggested that cocaine 
primes a Cam pool which is utilized specifically by the a-receptor 


thus enhancing the noradrenaline response. 


J. CALCIUM AND THE aq-RECEPTOR 


; a ans a am 
The possible role of cocaine in mobilizing Ca and thus 
potentiating noradrenaline-induced contractions of smooth muscle might 
seemingly diminish the importance of the original postulate that 
cocaine causes an allosteric-like change in the a-adrenergic receptor. 
However, this conclusion may be incorrect as Moran et al. (1970) 

7 : + ae ; : Asda 
have provided evidence that suggests a Ca mobilization site existing 
in the membrane that is linked specifically to a noradrenaline recog- 

ee ; ; P ? Um ee 
nition site. The noradrenaline recognition site and the Ca binding 
. ; , at 
site may be functionally inseparable such that Ca is not made 
available to the excitation-contraction-coupling process until the 
noradrenaline recognition site is activated. Thus, there may be a 
linked process similar to that postulated by Wyman (1968). An 


allosteric arrangement may thus be indicated: 
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This suggests that the catecholamine-a-receptor interaction 
initiates the mobilization of a proportional number of Ca*t ions to 
generate a proportional muscle response. Belleau (1967), on theoretical 
grounds, has placed Catt displacement as a prominent function for agonist 


interaction at the o-receptor. 


K. COCAINE AND THE o-RECEPTOR 


Whether cocaine interacts with a calcium mobilization site is 
not known, The action of cocaine in producing potentiation would 
appear to be nonselective because, in various tissues, it also potentiates 
the actions of other agonists such as kur acetylcholine, angiotensin, 
histamine and 5-hydroxytryptamine. However, it would appear to produce 
a greater degree of potentiation towards noradrenaline (Kasuya and 
Goto, 1968) as a greater leftward shift of the dose-response curve 
was found with noradrenaline than with the other agonists. This is 
also true when supersensitivity is produced by other mechanisms (Fleming, 
1971). Perhaps cocaine has some selectivity towards the response mediated 
by the a-adrenergic receptor. Vohra (1969) has suggested that cocaine 
may act as a mixed sympathomimetic (acting directly on the a-receptor 
and also causing noradrenaline release) on the rat vas deferens; however, 
cocaine failed to protect a-adrenergic receptors against phenoxybenzamine 
blockade. Cliff (1968) found that cocaine caused contraction of the 
reserpine-treated rat vas deferens in which no tissue catechol- 
amines were detectable by Falck's fluorescence technique. Cocaine 


also caused contractions in denervated rat vas deferens. These results 
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can be explained in terms of the ca’ t releasing capacity of cocaine. 
Vohra (1969), however, found that although the rat vas deferens was 
contracted by cocaine the guinea pig vas deferens did not respond. 
This fact is interesting because Janis and Triggle (1971) have shown 
that, following DMPEA blockade of the o-receptor, the half time for 
recovery to noradrenaline in the rat vas deferens was 23 minutes, 
the same as that obtained for the rabbit aorta. The half time for recovery in 
the guinea pig vas deferens, however, was /5 minutes, similar to that 
for the rabbit vas deferens. These results may reflect differences at, 
or very close to, the noradrenaline binding site of the a-receptor. 
Whether such differences could explain the reason for the contraction 
of the rat vas deferens by cocaine and the lack of response in the 
Same tissue of the guinea pig is not, however, known. van Rossum (1965) 
and Furchgott (1970) have also suggested that differences in a-receptors 
may exist. 

Although agonists on smooth muscle probably all produce 
the same end-result, that is, an elevation of the concentration 
of free calcium in the intracellular fluid near the contractile 
protein and then, ultimately, an alteration of the interaction 
of myosin and actin causing contraction of the muscle cell, they may do 
so by different mechanisms. For instance, the greater selectivity of 
SKF-525A towards potassium induced contractions than towards those of 
other agonists in the rabbit aortic strip preparation has been recently 
demonstrated by Kalsner et al. (1970), and similar results have been 
observed in the same preparation and in the rat vas deferens by 


Triggle (personal communication). It was concluded by Kalsner et al. 
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that SKF-525A specifically inhibits the movement of extracellular 
and/or loosely bound calcium to the contractile elements of vascular 
smooth muscle in response to membrane depolarization by potassium. 
SKF-525A was found to have little effect on the mobilization of 
firmly bound calcium by noradrenaline but might, however, interfere 


partially with replenishment of this pool from extracellular sources. 


L. AIMS OF THE RESEARCH 


Evidence exists that cocaine may have an effect on the post- 
Synaptic membrane which could influence the noradrenaline response. 
However, it has been shown quite clearly that cocaine can influence 
noradrenaline uptake into the nerve ending and this also can explain, 
to some degree, the potentiating effect of cocaine on the noradrenaline 
response. In an innervated tissue it would thus appear that cocaine 
may have at least two modes of action which could explain its influence 
on adrenergic mechanisms. These actions are difficult to differentiate. 

The human umbilical cord is, classically, considered to be 
non-innervated and thus if cocaine can influence the noradrenaline 
response in this system it could not be doing so by virtue of blocking 
neuronal uptake of noradrenaline. However, recent observations question 
the "classical" view that the umbilical cord is non-innervated and 
thus we cannot suppose that the action of cocaine involves post-synaptic 
effects alone unless it has first been demonstrated that the human 
umbilical cord is devoid of adrenergic innervation. This problem has 


been investigated by noradrenaline analysis and fluorescent microscopy. 
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An MAO inhibitor has also been used in conjunction with the above 
techniques in order to determine whether the activity of tissue MAO 
may influence noradrenaline distribution in this system. 

Nerves need not be present in a tissue for noradrenaline 
uptake to occur; thus extraneuronal "uptake" (accumulation) 
of noradrenaline has been observed in many tissues of various species. 
Possibly cocaine may influence noradrenaline responses by affecting 
this extraneuronal accumulation. It is therefore necessary to study 
the effect of cocaine on the extraneuronal accumulation of noradrenaline 
in the human umbilical artery tissue. The characteristics of this 
accumulation of noradrenaline in isolated human umbilical arteries has 
also been compared to those of innervated systems. 

A postsynaptic action of cocaine on calcium binding and calcium 
movements in the effector cell has also been shown and such an action 
may be the common denominator in explaining this and, perhaps, other 
supersensitivity phenomena. It would appear that cocaine may have a 
nonspecific action which could influence the action of other smooth 
muscle agonists whose action is unrelated to affinity for the a-receptor. 
This problem was investigated by determining the effect of cocaine on 
other agents which influence smooth muscle contraction in the human 
umbilical artery and thus determine the specificity of the action of 
cocaine. 

This investigation therefore sets out to answer the following 
questions in relation to the manner in which cocaine may influence 


noradrenaline responses in the isolated human umbilical artery: 
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1) Is the human umbilical artery innervated by adrenergic 
nerves? 

2) Can noradrenaline be accumulated by human umbilical 
artery tissue? 

3) If noradrenaline accumulation can occur in the umbilical 
artery, is it influenced by cocaine? 

4) Is the potentiating action of cocaine specific to nor- 


adrenaline or can it also influence the action of other smooth muscle 


agonists? 
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II. . METHODS 


A. PERFUSION OF WHOLE PLACENTA 


Human placenta were obtained within 15 minutes of delivery 
from the Department of Obstetrics at the University of Alberta Hospital 
and immediately 200 ml of heparinized Krebs-Ringer (10 I.U./ml) at 38°C 
was injected into the placenta via an umbilical artery to flush blood 
from the placenta and help prevent clot formation. The placenta was 
then transported to the laboratory in a container of preheated Krebs- 
Ringer solution (see Appendix A) at 38°C and placed in the perfusion 
apparatus which consisted of two plexiglass chambers. The lower chamber 
served as a water jacket and through this, water at 40°C was circulated 
by means of a Heto thermoregulator, thus maintaining the aerated Krebs 
in the upper chamber at 37°C. 

The upper perfusion chamber had an entrance tube for Krebs 
solution, the Krebs being maintained at 40°C in a warming coil enclosed 
by a water jacket and the Krebs source for the coil being supplied from 
a heated reservoir (see Figure 1). 

One umbilical artery was cannulated about 5 cm from the surface 
of the placenta; a cord of longer than 5 cm is often extremely spiralled 
offering constrictions and other obstructions which make the perfusion 
of the placental vasculature difficult. The other umbilical artery 
was ligated. A polyethylene cannula was inserted into the umbilical 
vein at the same level as the arterial cannula in order to measure 


outflow and determine fluid loss by edema. Failure of 40% of the 
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Figure l. Placental perfusion apparatus 
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preparations (50 of 120) has been noted. This has usually resulted 
either from unstable baseline perfusion pressures, probably due to 
blood clot formation, or from an inability to obtain a venous outflow, 
possibly due to structural damage of the placenta. 

Perfusion pressure was maintained at 40-50 mmHg (Nyberg and 
Westin, 1958) and the flow of Krebs maintained at 10-20 ml/min by a 
constant output Harvard Pulsatile 'Heart'' Pump; pressure was recorded 
via a pressure transducer (Statham). Drug injections were made into 
a rubber connection tube adjacent to the artery cannula; the drugs were 
dissolved in 0.5 - 1.0 ml of 0.9% saline . A list of the drugs employed 
can be found in Appendix B. Perfusion was normally started within 30 
minutes of delivery; the Krebs solution used for perfusion was aerated 
(95% 0, - 5% co.) and modified with 2% polyvinylpyrrolidone (PVP) to 


maintain osmotic pressure and prevent edema. 


B. PREPARATION OF ISOLATED UMBILICAL ARTERY STRIPS 


The apparatus for experiments involving isolated strips of 
umbilical artery is illustrated in Figure 2. This apparatus allows 
the bathing solution to be prewarmed while passing through a glass 
coil beneath a muscle bath whose working volume is 10 ml. The water 
circulating around the muscle bath and through the glass warming coils 
was maintained at 37°C by continuous circulation of water from a 
reservoir and the water temperature was thermostatically controlled. 
The Krebs solution was maintained in a reservoir and supply to the 


muscle bath was controlled by use of pinchcocks. Both the Krebs 
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Figure 2. Isolated tissue apparatus 
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reservoir and the muscle bath were aerated with 952% 0, and 5% co, 
the muscle bath being aerated via a fine polyethylene tubing 
(Clay-Adams PE 20) passed through the drainage tube. 

Isolated strips of umbilical artery were obtained by the method 
described by Furchgott and Bhadrakom (1953). The artery was freed of 
connective tissue and cut spirally to provide strips 3-4 cm long and 
2 mm wide. The strips were mounted in the muscle baths under a tension 
of two grams and allowed to equilibrate for us hours during which 
time the strips were washed with fresh Krebs solution every 10 minutes. 
Contractures were recorded isotonically and magnified x 7 with a frontal 
writing lever on a carbon kymograph recorder with Palmer kymograph 
extension. The speed of the paper was maintained at either 0.0425 mm/sec 
or 0.0850 mm/sec. 

Drugs were added to the bath using a 1/4, 1/2 or 1 ml syringe 
at a maximum dose of 0.2 ml. The drugs were washed out of the bath 
either when a maximal height of contraction had been reached or 8 
minutes after administration, whichever was sooner. Antagonists and 
cocaine were added to the bath usually 5 minutes before the agonist} 

a further 8 minutes was then allowed for tissue response. 

Where indicated, the EDs, dose of drug required to give 50% 
of the maximal tissue response, for each drug was calculated by testing 
the tissue to a range of four concentrations of the drug. Dose-response 
curves, with a sufficient number of points, are very difficult to produce 
in this tissue because of the prolonged nature of tissue relaxation. 

The use of dose-response curves in these type of experiments would thus 


be influenced by tissue desensitization and fatigue and would greatly 
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affect the results. A similar rationale has been employed by Graefe 

et al. (1971) and Trendelenburg (1971) for the study of supersensitivity 
caused by impairment of intraneuronal mechanisms of amine inactivation 
in the cat nictitating membrane. 

The Krebs-Ringer solution used for these experiments was 
modified by the addition of 10M disodium ethylenediamine tetra-acetic 
acid (EDTA) in order to decrease autoxidation of sympathomimetic amines 
(Furchgott, 1960; Nedergaard, Vagne and Bevan, 1968). This treatment 
was effective for protection of sympathomimetic amines for short 


exposure times of about 5 minutes (Graefe and Trendelenburg, 1970). 


C. CATECHOLAMINE ANALYSIS 


A multitude of procedures have been reported for the estimation 
of catecholamines in biological tissues, many of which are based on 
the selective absorption of the BRT eanelenine by aluminum oxide, a technique 
originally devised by Shaw in 1938. This is followed by oxidation of the 
noradrenaline in the eluate to a fluorescent trihydroxyindole (THI) derivative, 
or condensation of the noradrenaline in the eluate with ethylenediamine. The 
THI procedure was adopted, with the modifications similar to those 
described by Anton and Sayre (1962), because of the greater specificity 
reported for this technique (von Euler, 1961; Valk and Price, 1956), 
as compared with the ethylenediamine condensation. 

The fluorescence of oxidation products of epinephrine in alkaline 
solution was first observed by Loew in 1918 and was further studied by 


Paget (1930). This was used as the basis of a fluorometric analysis 
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technique (Gaddum and Schild, 1934; Richter, 1937) and then adapted 
into the THI procedure by Ehrlen (1948) and Lund (1949a,b,c). It has 
been found that fluorescent THI derivatives are formed when the 
catecholamines, in a slightly acid solution, are oxidized by iodine, 
or potassium ferricyanide, and then subjected to a strongly alkaline 
solution containing an antioxidant. The production of noradrenolutine 
from noradrenaline is shown in Figure 3 (Harrison, 1963). Although 
the method used resembles that described by Anton and Sayre (1962), 
several changes were introduced and thus the procedure and reagents 


are described in detail below. 


1. Reagents (Highest Purity). Fisher primary standard reagents 
were used for the preparation of reagents and Krebs solution (except 
where otherwise stated). 

a) Aluminum oxide (Woelm Neutral Activity Grade 1). Aluminum 
oxide (100 grams) was treated with 2N HCl (500 ml) at 90°C for 45 minutes 
with constant stirring using a magnetic stirrer combination with hot 
plate. After 45 minutes the stirring was discontinued and the mixture 
allowed to settle for 14 APR The yellow supernatant fluid was 
then discarded along with the finer particles of aluminum oxide. The 
remaining aluminum oxide was then washed twice with 2N HCl (250 m1) 
at 70°C for 10 minutes each. The supernatant with the finer aluminum 
oxide particles were discarded on each occasion. Finally the aluminum 
oxide was stirred with 2N HCl (500 ml) at 50°C for 10 minutes. The 
aluminum oxide was then washed repeatedly with 200 ml portions of 


distilled water until the supernatant had a pH of 3.4, the finer 
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Figure 3, Trihydroxyindole Procedure 
Formation of fluorescent fluorophores from 
noradrenaline. 
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particles were discarded each time. The aluminum oxide was transferred 
to an evaporating dish and heated for 1 hour at 120°C and then for 
2nhourss ave 2008Cr Finally the dried powder was stored in a dessicator 
at room temperature. 

b) 0.4M Perchloric acid. Perchloric acid was used to homogenize 
the tissue samples. Other agents, such as Prichitoracetic., hydrochloric, 
nitric and sulphuric acids, have been found to be less suitable (Anton 
and Sayre, 1962; Bertler et al., 1958a, 1959b). 

c) 0.2M Acetic acid. Acetic acid was used for elution of 
the catecholamines from the alumina. Anton and Sayre (1962) suggest 
the use of 0.05M perchloric acid but it was found, in our laboratory, 
that the use of 0.2M acetic acid gave more consistent results. 

d) 0O.5M Tris Buffer, pH 9.0. This solution was prepared 
(60.7 g/l of tris[hydroxymethyl]aminomethane) and brought to pH 9.0 
by use of 2N hydrochloric acid. 

e) Acetate Buffer, pH 7.0. This buffer was made by dissolving 
disodium ethylenediaminetetraacetate dihydrate (EDTA) (37.2 grams) with 
sodium acetate (136.1 grams, 1 mole) and making up the volume to one 
liter. The pH was then adjusted to 7.0 by adding 5N NaOH. 

f) Iodine. lLIodine(1.27 grams) was dissolved in absolute 
ethanol (100 ml) and stored in a dark bottle. 

g) Alkaline sulphite. This solution was made just prior to 
use by diluting a 25% aqueous solution of anhydrous sodium sulphite 
(1 ml) with 5N sodium hydroxide (9 m1). 

h) Distilled water. All solutions used were made with glass 


distilled water which was prepared as follows: glass distilled water 
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was re-distilled in a pyrex all glass distillation apparatus in the 
presence of EDTA (1 gram/liter). The distillate was then re-distilled 
in the same apparatus. This triple glass distilled water was then 


employed for the preparation of all solutions. 


Dh Preparation of Samples 


Prior to analysis all tissue samples were kept below 0°C by the 
use of liquid nitrogen. The tissue sample, usually weighing about 
0.5 grams, was first homogenized in 0.4M ice-cold perchloric acid (5 ml) 
using a glass tissue grinder which was semi-submerged in an ice bath. 
The homogenate was then centrifuged at 3,000xg in a clinical centrifuge 
(International Clinical Centrifuge - Model CL) for 5 minutes. One ml 
of the clear supernatant was transferred to a tube containing alumina 
(500 mg), Tris buffer (7 ml) and 1 ml of a known concentration of 
noradrenaline, usually LOR ami. to act as an internal standard; the 
pH of this mixture was between 8.2 and 8.4. The tube was then sealed 
with a rubber stopper and shaken for 15 minutes on a Techni-Lab Rotator 
(Model 715) shaker, centrifuged for 1 minute and the supernatant 
aspirated off and discarded. The alumina was washed with glass 
distilled water for 1 minute; this water was then aspirated off and 
discarded. The alumina was shaken for 15 min with 0.2M acetic acid 
(3 ml) to elute the catecholamine and the mixture was then centrifuged 


for 1 minute. 


3. Formation of the Fluorescent Trihydroxyindole derivatives 


a) Procedure 


i) A 1 ml aliquot of the eluate was transferred to a small 
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tube and acetate buffer of pH 7.0 (1 ml) was added; the contents 
were then thoroughly mixed. 

ii) 0.2 ml of iodine solution was added from a 5 ml micro- 
burette, mixed thoroughly and then allowed to stand for exactly 1 
minute, 

iii) 0.2 ml of freshly prepared alkaline sulphite solution 
was added with mixing, and the solution was allowed to stand for 
exactly 1 minute. 

iv) 5M acetic acid (0.2 ml) was added, with mixing, and 
the tube was then placed in boiling water for 3 minutes. Rearrangement 
of the iodine oxidation products of the catecholamine to the corres-— 
ponding trihydroxyindoles in alkaline solution is a photocatalysed 
reaction requiring 60 minutes; however, the time period is considerably 
reduced by boiling at 100°C for 3 minutes (Chang, 1964). The fluorophores 
produced have been found to be stable for at least one hour. It should 
be noted that if potassium ferricyanide is used as the oxidizing agent 
instead of iodine, then the fluorophores produced are unstable and 
have to be read within 5 minutes (Anton and Sayre, 1962). 

v) Blanks, for the determination of background fluorescence, 
were prepared in a similar way to the sample except that the alkaline 
sulphite solution was added before the iodine solution. 

vi) Internal standards (known concentrations of noradrenaline) 
were included to check recoveries and quenching. 

vii) Controls (standard solutions of noradrenaline) were 
also analysed and these values were then used in the calculation of 


tissue noradrenaline. 
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viii) The Aminco-Bowman Spectrophotofluorometer (SPF) was 


used to measure fluorescence. 


b) Calculation of noradrenaline: 


A- B 
B 





Noradrenaline (gram/gram tissue) = se 16 x2 x = x : 


where: A - fluorescence of noradrenaline in the aliquot of acid 
eluate, minus blank, at pH 7.0 
B — fluorescence of known concentration of noradrenaline 
(equivalent to internal standard), minus blank, at pH 7.0. 
C - concentration (in gram/ml) of noradrenaline which gives 
fluorescence B. 


D - weight of tissue 


The tissue was homogenized in 5 ml of 0.4M perchloric acid and only 

1 ml was used for analysis; therefore, it is necessary to multiply the 
results by a factor of five in order to obtain noradrenaline concen- 
tration on a gram/gram tissue basis. The relative fluorescence produced 
by noradrenaline was found to be linear within the concentration range 


used in this study. 


c) Differential measurement of adrenaline and noradrenaline: 

Some experiments were performed in order to measure both 
adrenaline and noradrenaline. This was possible because although both 
noradrenaline and adrenaline are converted into fluorophores at pH 7.0, 
only adrenaline is converted at pH 3.0. It is therefore possible to 
measure noradrenaline and adrenaline by taking two aliquots from one 


sample and following the above procedure using acetate buffers at the 
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two different pH's. Thus: 


Adrenaline (gram/gram tissue) = a= x C) x 5 x= x = 
IL 
where: C, - concentration (in gram/ml) of adrenaline which gives 


fluorescence Ej 

E, - fluorescence of a known concentration of adrenaline 
(equivalent to internal standard), minus blank, at 
pH 3.0. 

Y ~ fluorescence of the acid eluate, minus blank, at 


DH 3.0. 


Since noradrenaline produces no appreciable fluorescence at pH 3.0, 
Y will equal the fluorescence due to the internal standard (E}) and 


the amount of adrenaline in the tissue. Thus: 


Noradrenaline (gram/gram tissue): 


2 1 5 
Xge ([(x-£,)E/E4] + B) C x ae 
B 
where: X - fluorescence of the acid eluate, minus blank, at 


pH /.0. 
E -— fluorescence of a known concentration of adrenaline 
(equivalent to internal standard), minus blank, at 


pH 7.0. 


The ratio of adrenaline fluorescence at pH 7.0 to that at pH 3.0 is: 


E 


Ey 


ec 
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Thus the fluorescence due to tissue adrenaline at pH 7.0 is: 


(Y-Eq)E/E, 


and the fluorescence due to noradrenaline at pH 7.0 is: 


so [(Y-E, E/E, ] 


d) Determination of percentage (%) recovery 


Internal standards (known amounts of noradrenaline, or adrenaline) 
were added to tissue samples prior to homogenization and the fluorescence 
obtained, after correction for tissue catecholamine, was compared to 
that obtained with a known amount of noradrenaline, or adrenaline, 
which was subjected only to the formation of the trihydroxyindole 
derivative. Thus a % yield could be obtained for each experiment and 


the noradrenaline and adrenaline levels were corrected accordingly. 


e) Effect of normetanephrine, metaraminol, cocaine, phenoxy- 
benzamine, ouabain and parnate on the trihydroxyindole 
procedure 
Normetanephrine and metanephrine are not absorbed by alumina 
at pH 8.2 - 8.4 and thus do not affect the method of noradrenaline 
analysis described here (Anton and Sayre, 1962; Schneider and Gillis, 
1965; Anton and Sayre, 1966). 

Metaraminol forms no detectable fluorophor at either pH 3.0 
or 7.0 and thus does not influence noradrenaline analysis. The 
structure-reactivity-relationships for the THI procedure have been 


well documented (see Laverty and Taylor, 1968). 


Cocaine, phenoxybenzamine, parnate and ouabain were also found 
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to form no interfering fluorescent compounds when subjected to the 


THI procedure. 


D. NORADRENALINE UPTAKE EXPERIMENTS 


Isolated umbilical arteries of approximately 8" long were cut 
longitudinally so as to expose both extra- and intraluminal surfaces. 
Each strip was suspended in the glass apparatus illustrated in Figure 
4 and was perfused with Krebs solution, mofified with 2% PVP and EDTA 
(5 x 10>) and containing various concentrations of noradrenaline. 
The perfusion rate was 10 ml/min. At appropriate times, samples of 
the tissue were removed, washed in noradrenaline-free Krebs for 
one minute and analysed by the procedure previously described. The 
effects of phenoxybenzamine, normetanephrine, metaraminol, cocaine and 
ouabain on the uptake of noradrenaline by the arterial tissue were 
determined by perfusing the artery at a rate of 10 ml/min for 30 minutes 
with Krebs containing the drug, and then for a further 30 minutes with 
Krebs solution containing both the drug and noradrenaline. In order 
to determine the effect of temperature, the Krebs solution was main- 
tained either at 0°C, 20°C or 37°C and the effects of these changes 


on noradrenaline accumulation was determined. 


E. FLUORESCENCE MICROSCOPY 


The distribution of noradrenaline in the placental tissues was 
studied using the formaldehyde fluorescence technique. Eranko, in 1952, 


observed that, after the exposure of sections of the adrenal medulla 
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Figure 4. Apparatus for determining effect of drugs on 
noradrenaline uptake by umbilical arteries. 
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to formaldehyde solution, a fluorescence developed in some cells. 

With specific chemical methods these cells were then shown to contain 
noradrenaline. This principle was later adopted by Falck and coworkers 
(Falck, 1962; Falck et al., 1962; Falck and Owman, 1965) to study the 
distribution of catecholamines in nerve endings. Freeze-dried tissues 
exposed to formaldehyde vapour developed an intense fluorescence. 

This technique is somewhat slow because of the need to freeze-dry 

the tissue, embed it in paraffin wax, and then section the embedded 
tissues; however, a faster cryostat technique has been suggested by 
Ehinger et al. (1969) and an adaptation of this technique was used 
for this study and is described below. 

Tissues were frozen in dry ice-acetone mixture in a thermos as 
soon as possible after delivery, or after perfusion with noradrenaline; 
this mixture theoretically produces a temperature of -87°C since rapid 
freezing to below -30°C to -50°C prevents formation of intracellular 
ice crystals. The tissues were frozen using the quick freeze bar. 
Sections were cut to a thickness of between 4 and 10 yp using an I.E.C. 
razor holder and blade with anti-roll plate to prevent curling of the 
cut section. Sections were mounted on slides and maintained in the 
cryostat until sectioning was complete. They were then removed and 
dried for 10 minutes in a dry-air box where the air was drawn over 
silica gel prior to entering since the monoamine formaldehyde reaction 
requires the presence of dry protein. The sections were then treated 
at 80°C with formaldehyde gas generated from paraformaldehyde which 
has been equilibrated for 5 days in an atmosphere of relative humidity 


15%. The sections were then mounted with cover slips on paraffin oil 
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and examined with the fluorescence microscope (Leitz). Photographs of 
various pieces of tissues were taken either using Tri-X film ASA 400 
(Black and White), High Speed Ektachrome ASA 160 (Colour), Ektachrome 
ASA 80 (Colour), Anscochrome ASA 64 (Colour), or High Speed Anscochrome 
ASA 500 (Colour). It is the formation of intensely fluorescent 
6, 7-dihydroxy-3, 4-dihydro-isoquinolines by catecholamines that enables 
these monoamines to be demonstrated at the cellular level (see Figure 5). 
The activation peak is at 410 mu, while the fluorescence spectrum is 
observed at 480 my. The yellow S-hydroxytryptamine fluorescence arising 
from 6-hydroxy-3,4-dihydro-b-carboline formation has a peak at 525 m 
and can thus be distinguished from the green fluorescence due to 
catecholamines. The primary amine, noradrenaline, can be distinguished 
from the secondary amine, adrenaline, because the adrenaline fluorescence 
caused by exposure to formaldehyde gas takes more than 1 hour to develop. 

It was necessary to distinguish between specific catecholamine 
fluorescence and autofluorescence in tissues. Many tissues contain 
structures which emit a brown to yellow or green autofluorescence. 
This makes direct differentiation difficult in some situations. Two 
methods were used in order to distinguish specific fluorescence from 
autofluorescence: 

1. Specimens treated with heat but without formaldehyde 
show only autofluorescence. By comparing sequentially-cut heat- 
treated sections with formaldehyde-treated sections, autofluorescence 
can be distinguished from catecholamine fluorescence. 

2. Treatment of the formaldehyde treated tissues with water 


for 2-4 minutes causes the monoamine fluorophores to disappear, while 
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Figure 5. The histochemical reaction between noradrenaline 
and formaldehyde. 
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the autofluorescence remains unaffected. The loss of catecholamine 
fluorescence following water treatment results in an increase in 

the exposure time required by the Orthomat automatic camera and this, 
combined with the visually obvious changes produced, enables the 
investigator to distinguish between autofluorescence and catecholamine 
fluorescence. 

The study of extraneuronal noradrenaline uptake in the human 
umbilical artery was performed by the use of similar techniques as 
those employed by Avakian and Gillespie (1967) in their investigation 
of extraneuronal uptake of noradrenaline in the innervated central 
artery of the rabbit ear. Tissue sections were taken from both normal 
tissues and tissues incubated with noradrenaline. Krebs containing 
noradrenaline (10-40 wg/ml) was perfused through one umbilical artery 
of an isolated umbilical cord for 30 minutes and the artery was re- 
perfused with noradrenaline-free Krebs for 1 minute. 

Perfusion with Krebs solution containing parnate, cocaine, 
phenoxybenzamine or normetanephrine was sometimes used to pretreat 
the umbilical artery for 30 minutes prior to perfusion with Krebs 
containing both noradrenaline and the required drug for 30 minutes. 
Cold Krebs at 0-4°C was also used for certain experiments; in these 
cases the tissue was pretreated with the cold Krebs for 30 minutes 
prior to perfusing with noradrenaline containing cold Krebs for a 
further 30 minutes. This treatment was then followed by a 1 minute 
wash-out period. Tissue sections were then taken and treated as 
described. Control studies were performed in order to demonstrate 


that parnate, cocaine, phenoxybenzamine and normetanephrine produced 
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no interference with this histochemical technique. 
An approximate indication of the level of fluorescence can be 
obtained by using the reciprocal of the exposure time obtained by use 


of the Leitz Orthomat automatic camera. 


F. STATISTICS 


Results are given as the mean value + standard error of the 


mean: 


Standard error of the mean: 


_ | E(x-2)? 
S.Er=/ tee 


x 


The students paired t-test was used, where possible, to 
calculate the significance of the difference between the two values 
which were being compared. A probability value (p) of 5% or less 
(<0.05) was selected as indicating that a significant difference 


existed between two sets of results. 
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Tile RESULTS 


A. WHOLE ORGAN PERFUSION EXPERIMENTS 


Hike. Responses to Tyramine 


Prior to testing the effects of drugs on the preparation, at 
least one control administration of 0.5 ml of 0.9% saline was performed 
to determine whether the drug solvent had any effect on the perfusion 
pressure. It was found that the effect of saline was negligible, 
causing a transient increase in perfusion pressure that was never 
greater than 1 mm Hg. 

It was found that 17 out of 32, or approximately 50%, of the 
preparations tested responded to the initial administration of 5 mg 
tyramine when there had been no prior administration of noradrenaline. 
Subsequent doses of tyramine, at the same concentration, resulted in a 
Significant (p<0.05) decrease in response and thus the "classical 
tachyphylactic" response to tyramine existed in this organ (Figure 6). 

The response to tyramine, compared to the previous response, 
was significantly increased (p<0.05) and partially restored by the 
administration of need arsine (Table I) and thus the tyramine response 
may be at least partially dependent on tissue noradrenaline. Table I 
illustrates the results of nine experiments in which the response to 
tyramine was recorded four times in succession in order to demonstrate 
tachyphylaxis. Further evidence for the role of tissue noradrenaline 
is provided by the fact that a further 5 preparations, which were 


initially unresponsive to tyramine, gave contractions to tyramine 
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Noradrenaline (NA)-dependence of the response to tyramine 
(Tyr) in the perfused whole placenta preparation. 


Responses 


TABLE I 


: ‘ * 
to Tyramine in Perfused Placenta Preparations 








Sequence Effect on 
of Drug Perfusion Pressure 
Administration (mm Hg) 
5 mg tyramine UNG e ee ay Th 
5 mg tyramine Siotiieas Whe JAlk 
5 mg tyramine Dhege) waa (Oke Nahe 
5 mg tyramine EO Bpiays! 
5 mg noradrenaline oO, as Pascste! 
5 mg tyramine 322,200.06 





k 
Number of experiments = 9 


tpruge were administered to each preparation 
in the order described. This also applies 
to Tables II and III. 
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68 
after exposure to noradrenaline (Table II). 


2. Effect of Cocaine 
Administration of cocaine alone had little or no effect on 
perfusion pressure (Table III and Figure 7). A significant (p<0.05 


for-paired "tt" 


test) potentiation of the noradrenaline response by 
cocaine was noted (Table III). However, the degree of potentiation 
seen was quite small. The results illustrated by Table II also 
demonstrate that cocaine had little or no effect on tyramine responses, 


although the tachyphylactic nature of the tyramine response complicates 


the interpretation of these experiments. 


B. NORADRENALINE ANALYSIS OF PLACENTA AND UMBILICAL CORD 


Using the THI technique described in the METHODS, various 
standard solutions of noradrenaline were analysed and it was found 
that the fluorescence obtained was linear for dilutions down to the 
level of 1 nanogram per ml; procedure for work curves is presented in 
the Handbook on. Aminco-Bowman Spectrophotofluorometer. The limit of 
sensitivity for the analysis of control amounts of noradrenaline was 
1 nanogram/ml noradrenaline and since approximately 4 gram of tissue 
was homogenized in 5 ml perchloric acid, the limit of sensitivity for 
tissue analysis is approximately 10 nanogram/gram tissue. 

Tissues from various parts of fresh placenta and umbilical 
cord, obtained less than : hour after delivery, were analysed for 
noradrenaline and adrenaline. The results are illustrated in Table IV. 


No adrenaline was detected in any of the samples and only low levels of 


69 


mm Hg 


~~ 
io) 


60 


Perfusion pressure 
3 





ot) tT 7 pare a 
Saline NA Cocaine NA 
Control 5mg 5mg 5mg 
Figure 7. Effect of cocaine on the response to noradrenaline (NA) 


in the perfused whole placenta preparation. 


TABLE II 


Noradrenaline induced Tyramine Response 


-—e_——————————————————————— — 


Sequence Effect on 
of Drug See cane Perfusion Pressure 
; : Experiments 
Administration (mm Hg) 


a 


5 mg tyramine 5 0.0 50 

5 mg tyramine 5 O20 + 0 

5 mg noradrenaline 5 ieee ae VRS) 
5 mg tyramine 5 356 2505.85 
5 mg tyramine 5 22072 10555 
5 mg cocaine 3 LBA Oe ORE OG) 
5 mg tyramine 3 Leis 0.34 
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TABLE III 


Effect of Cocaine on the Response to Noradrenaline 


* 
in the Isolated Perfused Placenta 








Sequence Effect on 
of Drug Perfusion Pressure 
Administration (mm Hg) 
5 mg NA cis Skat Shea) 
5 mg cocaine Pees O33. 
ap 
5 mg NA LO;0nt 2.9 


Number of experiments = 12 
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TABLE IV 


Noradrenaline Content of Human Umbilical Cord and Placenta 


(Determined by the trihydroxyindole method) 


—_——ee—————————————— 


Number of Mean NA content 
samples (ug/g) 


a 


Region 


Placental villi 8 0.045 2 05003 


Umbilical cord 


Caine ieee) iP 0.075° + 07002 
Umbilical cord arteries 12 0.093 + 0.023 
Umbilical cord veins 4 0.090 4 0.010 
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noradrenaline were found. 


C. FLUORESCENCE MICROSCOPY OF UMBILICAL CORD TISSUE 


1. Normal Tissues 

Using the Falck technique (cf. METHODS), sections from normal, 
fresh umbilical cord were examined for adrenergic nerve endings. 
Sections from 24 specimens have been examined. Six sequential sections 
from two or three areas of the umbilical cord were taken; five were 
treated with paraformaldehyde at 80°C for one hour and the remaining 
section subjected to heat only at 80°C for one hour. The heat treated 
section demonstrated autofluorescence only; no noradrenaline fluores- 
cence was observed. After microscopic examination, one or two sections 
from each area were treated with water in order to remove catecholamine 
fluorophores and thus enabled the distinction to be made between 
tissue autofluorescence and possible catecholamine fluorescence. 

Examination of these sections failed to reveal any structures 
which resembled adrenergic nerve endings. Photograph 1 indicates a 
transverse section through an umbilical artery. An example of 
adrenergic nerve endings from an innervated tissue is illustrated 
in photograph 2 which shows a section of rat heart and photograph 3 
which shows the same section after treatment with water. While it is 
not impossible that the period of delay between delivery and sectioning 
could have caused loss of noradrenaline from nerve terminals, this 
suggestion is most improbable. The period between delivery and 


sectioning was seldom longer than 30 minutes, and in other tissues 
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Photograph 1: Transverse Section (T.S.) of normal umbilical cord 
to show umbilical artery. 
Photograph taken with high speed Ektachrome at ASA 250 
Exposure = 2 min 8 sec. Magnification: x 20._ 
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Photograph 2: 





Photograph 3: 





Photograph 2: 


Photograph 3: 
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Rat heart section to show adrenergic nerve endings. 


Taken with high speed Ektachrome at ASA 250. 
Exposure = 2 min 15 sec. Magnification: x 50 


As photograph 2 but after water treatment. 
Exposure = 2 min 30 sec. 
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which receive sympathetic innervation it was found that, even after 
one hour delay, little diffusion of transmitter had occurred. This 
is shown in photographs 4 and 5. Photograph 4 shows the adrenergic 
nerve terminals in rabbit aorta where the tissue was frozen within 

5 minutes of death. Photograph 5 shows the same preparation after 
exposure to room temperature for one hour prior to freezing. In both 
preparations the adrenergic nerve terminals may be clearly seen. 
Photograph 6 shows the adrenergic nerve terminals of coronary blood 
vessels; this tissue was also exposed to room conditions for one 


hour prior to freezing and sectioning. 


2. Incubated Tissues 

Further data concerning the possibility of nerve endings in 
the umbilical cord has been obtained by perfusing the cord with Krebs 
solution containing noradrenaline and then sectioning these cords 
and examining for noradrenaline-induced adrenergic fluorescence. The 
purpose of these noradrenaline incubation experiments is to attempt 
to saturate with noradrenaline any adrenergic nerves which may exist 
in the cord and thus make them readily detectable by fluorescence 
microscopy. Eight experiments were performed in this series using 
a noradrenaline concentration of 40 ug/ml and five experiments using 
a noradrenaline concentration of 10 ug/ml. The results are illustrated 
by the representative photographs 11 to 16. Six sequential sections 
were taken from two parts of the incubated cord and five of these 
sections were then treated with parae ome laengae at 80°C for one hour 
and the remaining one was heat-treated at 80°C for one hour. For each 


experiment, sections were also taken from an innervated tissue, usually spleen, 
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Photograph 4: 
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Photograph 4: Rabbit aorta to demonstrate adrenergic nerve endings in 
adventitia. Tissue frozen and sectioned 5 min. after death. 
Taken with Anscochrome ASA 64 at ASA 320. 
Exposure = 1 min 30 sec. Magnification: x 50. 


Photograph 5: Rabbit aorta as above but tissue frozen and sectioned 
1 hour after death. Exposure = 1 min 30 sec. 
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Photograph 6: Blood vessels in rabbit heart detected in tissue which 
was frozen and sectioned 1 hour after death of animal. 
Taken with Anscochrome ASA 64 at ASA 320. 
Exposure = 1 min. 39 sec. Magnification: x 50. 
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heart or thoracic aorta of rabbit, guinea-pig or rat in, order to 
compare these results to those obtained using umbilical cord. The 
detection of nerve endings in innervated tissues demonstrated that 

the conditions of the experiments were correct and adrenergic nerve 
endings were detectable. Photograph 7 illustrates a section from a 
rabbit spleen blood vessel which was stored overnight in Krebs in 
order to partially deplete the noradrenaline stores. Photograph 8 
represents a section from the same spleen as photograph 7 but, before 
sectioning, this piece of tissue was incubated in Krebs containing 

10 yg/ml noradrenaline for 30 minutes. It is seen, in photograph 8, 
that the fluorescence of the nerve endings have been restored and 

the light-green fluorescence in the smooth muscle of the vessel 
represents extraneuronal noradrenaline uptake. Photograph 9 and 10 
illustrate unilocular fat cells from the rabbit before and after 
incubation with noradrenaline (10 ug/ml) prior to sectioning. Photograph 
11 illustrates a transverse section of an umbilical artery after 
noradrenaline treatment, and photograph 12 represents the same section 
after water treatment to remove the catecholamine fluorophores. 
Photograph 13 illustrates the elastic fibres from an umbilical artery 
and photograph 14 shows the same areas after water treatment. This 
series of photographs illustrates that no adrenergic nerves can be 
detected in these sections and fluorescent areas, which are seen in 
the sections, are actually autofluorescence usually due to elastic 
fibres. Exposure times for the photography can be used to indicate 
changes in catecholamine fluorescence before and after water treatment. 


The exposure time for photograph 11 before water treatment was 1 minute 
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Photograph 7: 





Photograph 8; 
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Photograph 7: 


Photograph Ss 
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Blood vessel, with adrenergic nerve endings, in rabbit 
spleen after storage overnight in Krebs. Taken with 

Anscochrome ASA 64 at ASA 320. Exposure = 2 min. 45 sec. 
Magnification: x 50. 


Blood vessel in same rabbit spleen as above but after 
incubation with 10 ug/ml noradrenaline for 30 min. 

Taken with Anscochrome ASA 64 at ASA 320. Exposure = 55 
sec. Magnification: x 50. 
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Photograph 9: 
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Photograph 9: Unilocular fat _ .. cells from rabbit spleen. 
Taken with Anscochrome ASA 64 at ASA 320. 
Exposure = 4 min 15 sec. Magnification: x 80. 


Photograph 10: As above but after incubation with 10 pg/ml noradrenaline 
for 30 min. Exposure = 3 min 15 sec. 
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Photograph 11: 








Photograph 12: 








Photograph it? Umbilical artery after incubation with 40 ug/ml 
noradrenaline for 30 min. Taken with Ektachrome at 
ASA 160. Exposure = 1 min 6 sec. Magnification: x 50. 


Photograph 12: As above, but after water treatment. 
Exposure = 12 min. 


ede ae 
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Photograph 13: 





Photograph 14; 





Photograph 13: Umbilical artery elastic fibers after incubation with 
40 ug/ml noradrenaline for 30 min. Taken with Tri-X 
film at ASA 200. Exposure = 57 sec. Magnification: x 50. 


Photograph 14: As above but after water treatment. 
Exposure = 1 min 40 sec. 
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6 seconds, while after water treatment, the exposure time (photograph 
12) was 12 minutes. One can use the reciprocal of these exposure 
times as an indication of the relative brightness of the tissue. 

This background fluorescence represents extraneuronal uptake of 
noradrenaline. 

Photograph 15 illustrates another umbilical artery section 
after incubation with noradrenaline, whilst photograph 16 illustrates 
a sequential section to that of photograph 15 which was heat treated 
instead of exposed to paraformaldehyde. After heat treatment, only 


autofluorescence is observed. 


3. Effect of MAO inhibition on Noradrenaline Uptake 


Photograph 17 illustrates the tissue fluorescence in a section 
from a cord which was pretreated for 30 minutes with the MAO inhibitor 
parnate (107 *M) prior to incubation with noradrenaline (40 pg/ml) for 
30 minutes. This is an illustration of one of a series of four 
experiments which were performed to determine whether inhibition of 
MAO in the cord could enable the visualization of adrenergic nerves 
in the tissue by virtue of inhibiting the metabolism of noradrenaline 
and thus facilitating its detection by fluorescent microscopy. As 


illustrated, no such nerve endings were found. 


4. o-hydroxytryptamine Accumulation in the Umbilical Cord 


Four series of experiments have been performed using 5-hydroxy- 
tryptamine (10 pg/ml) and the results would seem to illustrate a similar 
tissue distribution to that of noradrenaline. No tryptaminergic nerves 


were detectable. 
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Photograph 15: 


pneeametes 




















Photograph 15: Umbilical artery after incubation with 10 ug/ml 
noradrenaline for 30 min. Taken with Ektachrome at 
ASA 100. Exposure = 4 min 12 sec. Magnification: x 20. 


Photograph 16: Sequential section to above but heat treated with no 
paraformaldehyde. Exposure = 7 min 25 sec. 





Photograph 17: 
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Umbilical artery pretreated with Tomer parnate for 

30 min. and then incubated with 40 ug/ml noradrenaline 
for a further 30 min. 

Taken with high speed Ektachrome at ASA 200. 

Exposure = 1 min 2 sec. Magnification: x 50. 
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5. Distribution of Noradrenaline in the Placental Villi 
Sections of placental villi from five different placenta were 
incubated in Krebs solution containing noradrenaline (40 ug/ml). 
Histochemical fluorescence studies failed to reveal any structures 


resembling adrenergic nerve endings. 


6. Effect of Temperature on Noradrenaline Uptake in the 
Umbilical Cord 


Since the earlier experiments have illustrated that noradrenaline 
can be accumulated by the umbilical cord tissue, although not into 
adrenergic nerve endings, a series of experiments were performed to 
determine whether perfusion of the tissue at 0°C and 20°C would 
affect the distribution of tissue noradrenaline. The concentration 
of noradrenaline in the perfusate was 40 ug/ml. Four experiments at 
O°C and four at 20°C were performed and the fluorescence of experimental 
tissues were compared to those of control tissues which were perfused 
at a temperature of 37°C. No detectable difference in the fluorescence 
of the tissues was noted. Reduction of the temperature of the perfusion 
medium enusenee little effect on the noradrenaline uptake. The 
increase in exposure times of control and experimental tissues was similar 


after water treatment, representing a minimum of a two-fold increase. 


7. Effect of Phenoxybenzamine on Noradrenaline Distribution in 


the Umbilical Cord 
Experiments were then performed to determine the effect of 
1 ug/ml and 10 pg/ml phenoxybenzamine on noradrenaline accumulation from 


perfusate containing 40 yg/ml noradrenaline. The cord artery was 
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perfused with Krebs containing both noradrenaline and phenoxybenzamine 
and tissue sections were examined as previously described. No 
detectable difference in the fluorescence of the tissue was noted 

in the three experiments carried out at each concentration of antagonist. 


Phenoxybenzamine did not produce a detectable block of the noradrenaline 


uptake. 


8. Effect of Cocaine on Noradrenaline Distribution in the 
Umbilical Cord 
Four experiments were performed to demonstrate the effect of 
1 yg/ml and 10 yg/ml cocaine on noradrenaline accumulation. The 
perfusate concentration of noradrenaline was 40 ug/ml. The experimental 
procedure was the same as that outlined above (section 7). No detect- 
able difference in the distribution and accumulation of the noradrenaline 


between control and experimental specimens was noted. 


9. Effect of Normetanephrine on Noradrenaline Distribution in 


the Umbilical Cord 
Four experiments were performed to demonstrate the effect of 
10 ug/ml and 50 pg/ml normetanephrine on the accumulation of noradrenaline 
(40 pg/ml) in the umbilical cord. The conditions were the same as 
those for similar experiments involving phenoxybenzamine and cocaine 
and no detectable difference in the distribution and accumulation 


of noradrenaline between control and test specimens was noted. 


10. Loss of Accumulated Noradrenaline from the Tissue 
re ee LINE EL EOM, Lite Diissue 


After perfusion of the umbilical cord with Krebs containing 
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noradrenaline (40 wg/ml) for 30 minutes, the cord was re-perfused 

with noradrenaline free Krebs and, by taking sections of the cord 

at various time intervals it was found that although some tissue 
fluorescence was detectable after 30 minutes, all detectable fluorescence 


had disappeared within 45 minutes. 


D. UPTAKE OF NORADRENALINE BY ISOLATED UMBILICAL ARTERIES 


1. Accumulation of Noradrenaline 
The isolated umbilical artery strip was perfused with Krebs 
containing noradrenaline (0.1 yg/ml to 40 pg/ml) for various incubation 
times of 1, 5, 15, 30 and 60 minutes. The tissue was then incubated 
in noradrenaline-free Krebs for exactly one minute and the noradrenaline 
content of the tissue determined. The results are illustrated in 


Table V. 


2. Loss of Noradrenaline from Tissue 

After perfusing the tissue for 15 minutes with Krebs containing 
noradrenaline (40 ug/ml), the tissue was re-perfused with noradrenaline 
free Krebs and samples of the tissue taken at 0, 1, 5, 15, 30, 45 and 
60 minutes. The noradrenaline level in these samples was calculated 
and the results are indicated in Table VI. Initially the noradrenaline 
is lost very rapidly but the efflux slows down and noradrenaline is 
still detectable in the tissue after 60 minutes when the experiments 


were terminated. 
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TABLE VI 


Noradrenaline Loss from Tissue after Previous 
Incubation in 40 yg/ml Noradrenaline-Krebs 


* 
for 15 minutes 


Time 
in ug Noradrenaline/gram tissue 
Minutes 
0 42.99% 4,02 
1 ZAe2arveqhi5d 
z 13406 to1.40 
15 259 1yt20565 
30 Os4ente0. 18 
45 On24e240.08 
60 0.075240..01 


x 
Number of Experiments = 5 
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Sve bbtectsor Temperature on the Uptake of Noradrenaline 


The effect of temperature on noradrenaline uptake by the 
umbilical artery was determined by lowering the temperature of the 
noradrenaline containing perfusate to 0-2°C and to 18-20°C. The 
results are illustrated in Table VII and it was found that the 
noradrenaline uptake, both at O and 20°C, was significantly (p<0.05) 
different from control values at 37-38°C. The Q0 calculated from 


these results was 1.2. 


4. Effect of Cocaine on Uptake of Noradrenaline 


Strips of umbilical artery were perfused with Krebs solution 
containing cocaine for 30 minutes at 37°C and then re-perfused with 
Krebs containing both cocaine and noradrenaline for a further 30 
minutes. The cocaine and noradrenaline concentrations used are 
illustrated in Table VIII. The tissue was perfused with normal Krebs 
at 37°C for 1 minute and a sample was taken and analysed for noradrenaline. 
It was found that cocaine at a concentration of 3.3 x 107M was capable 


of significantly (<0.05) decreasing noradrenaline (2.4 x 10° and 


6 x 10>) uptake. Cocaine at a concentration of 3.3 x 10° °M to 
SEL 107 had no significant (p<0.05) effect on noradrenaline 


3) 


Gig Oe SS SOR uptake. 


5. Effect of Various Agents on Uptake of Noradrenaline 


The effect of various concentrations of drugs on noradrenaline 
uptake was determined by using a similar technique to that described 
for the effect of cocaine on noradrenaline uptake (cf. section 4 above). 


The results and concentrations of drugs used are indicated in Table IX. 
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TABLE VII 


x 
Effect of Temperature on Noradrenaline Uptake 


aC Noradrenaline % Inhibition 
(ug/ml) 
0-2 40 3025 -2 3.6504 
0-2 10 2065 2 2.15 
20 40 OF 0 Lt 65 
20 10 Jed 0.9 


Number of experiments = 4 
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TABLE VIII 


Effect of Cocaine on the Uptake of Noradrenaline 


by the Umbilical Artery 


Cocaine Noradrenaline 


A , * 
Concentration Concentration 


% Inhibition 
of noradrena- Significancet 
g/ml M g/ml line uptake 





To avoid confusion in comparing these results with those of 
other workers, drugs concentrations in this and subsequent 
tables are expressed both as g/ml and molarity. 


paired ''t" test comparison to control, as in all subsequent 


tables (unless otherwise stated). 


ser enhancement of uptake noted in some experiments. 
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a) Phenoxybenzamine 

It was found that phenoxybenzamine at a concentration of 
hex 10° *™ Or eee 107°M could significantly (p<0.05) decrease 
noradrenaline uptake. Phenoxybenzamine at a concentration of 3.7 x 


107m had no significant effect on noradrenaline uptake (p>0.05). 


b) Ouabain pretreatment 


Both 227 x 10M and 1.7 x 10> ouabain were found to cause 
a significant (p<0.05) decrease in the uptake of noradrenaline (Table 


EX) 


c) Normetanephrine 
2) 


The results illustrate that both 2.2 x 10°'M and 5.4 x 107-M 
normetanephrine can significantly (p<0.05) decrease the uptake of 


noradrenaline (at 2.4 x 107M and 6 x 107>M) from the medium. 


d) Metaraminol 
The results demonstrate that metaraminol, at 6 x 107° does 
not significantly (p>0.05) affect the uptake of 2.4 x 107" or 


6 x 107M noradrenaline. 


e) Parnate (MAO inhibitor) pretreatment 


The results illustrate that parnate pretreatment of the 


tissue has no significant effect on the uptake of noradrenaline (p>0.<05)~< 


E. ISOLATED TISSUE EXPERIMENTS 


1. General Pharmacology 


The approximate ED, ‘8 for various agonists which were used 
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Effect of Various Agents on the Uptake of Noradrenaline by 


Drug 


POB 

POB 

POB 

POB 
Ouabain 
Ouabain 
NMN 

NMN 

NMN 
Metaraminol 
Metaraminol 


Parnate 


the Umbilical Artery * 


Noradrenaline 
Drug Concentration Concentration 
g/ml M g/ml M 


Number of experiments =4 


Enhancement of uptake noted in some experiments. 








1 
Inhibition 
of Uptake 
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in this investigation are indicated in Table X. Most helical 
umbilical artery strips responded to 5-hydroxytryptamine, histamine 
and potassium chloride, whereas responses of the preparation to 
noradrenaline could not always be demonstrated. A response to 
tyramine in the preparation could be produced by one of two methods: 
a) occasionally by initial administration of tyramine to 
the preparation, and also prior exposure of the tissue to noradrenaline 
whereupon the response to tyramine showed rapid tachyphylaxis, or 


b) prolonged exposure of the tissue to tyramine for 2 to De 


hours, with repeated administration of tyramine followed by washout 
and readministration every 10-15 minutes, resulted in a tissue 
contracture. This response increased in size upon continued exposure 
to tyramine, "reverse tachyphylaxis", for 2 to 3 doses and a standard 
response was then obtained which remained fairly constant for 

several hours (Figure 8). This tyramine response will henceforth 


be referred to as an induced tyramine response. 


As illustrated in Table X, the tissue was most sensitive to 
5-hydroxytryptamine. Angiotensin, synthetic oxytocin and acetylcholine 
were also administered to some preparations, and it was found that 


‘ EO 9 sy x rae synthetic 


responses to angiotensin (9.7 x 10. 
oxytocin (1 - 20 mU) and acetylcholine (3.5 x ie fORS sex 10 °m) 
underwent rapid tachyphylaxis (Figure 9). Isopropylnoradrenaline, a 
8-receptor agonist (4.7 x idue to.4.7-X 10 ga) foas found to have 


no effect either on a normal muscle strip or on a drug contracted 


tissue. Phentolamine was used to block the a-receptors and then 
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@ } e © Fi os 
Tyr NA Tyr 
3 x 10-5™ Ars 


Figure 8. Responses to tyramine in the isolated umbilical artery. 


A: Tachyphylactic nature of the response to 3.65 x Tomer 


tyramine (Tyr) in the umbilical artery. 


B: Induced-tyramine response,produced by continued 


re-exposure to 3.65 x 10 M tyramine in the umbilical 
artery. 


e indicates drug administration and applies to all 
subsequent figures of this nature. 
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Figure 9. 


. @  ) . 
Oxytocin Oxytocin Oxytocin 


B ae Ne ee 


@ @ td) 
Angiotensin Angiotensin Angiotensin 


ACh ACh 


li cm 5 min 


- Responses to oxytocin, angiotensin and OS 


choline in the umbilical artery. 
A: Responses of 1 mU synthetic oxytocin. 
B: Responses to 9.7 x 107 /M angiotensin. 


C: Responses to 3.5 x 107-°M acetylcholine (ACh). 
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TABLE X 


Approximate ED,9's for Agonists 






Concentration Range 


i F 
gonist eral xy 








8 


Sniiepilia 


Corsa a0 


Histamine 


to 


Noradrenaline to 


OD 


i 





Go om Shao. 20 


NN 
uo Lo 
x 
= 


Tyramine to 





KCl to 


oy 
ur 
“ 
= 
oO 











_* tae . , 
/ nfs A oh. 
aiJakaogh 102 2" oe" . = 


a tas  Ouytacin’ Onion 








agasA noljstinsono) 


101 


isopropylnoradrenaline was re-tested in these preparations; however, 
no 8-adrenergic-mediated relaxation could be detected. It is thus 
unlikely that the §-adrenergic relaxation was masked by a contracture 


effect of isopropylnoradrenaline on a-receptors. 


2. Effect of Cocaine on Agonist Response 


Tables XI to XV and Figures 10 to 14 illustrate the effects 
of various concentration of cocaine on responses to noradrenaline, 
induced-tyramine, 5-hydroxytryptamine, histamine and potassium chloride 
ED. 9'S- Standard, reproducible responses were first obtained, and 
then the effect of cocaine was determined by pretreating the tissue 
with cocaine for 5 minutes and then adding the agonist. Maximum total 
exposure time to the drugs was 13 minutes. Significance was determined 
by comparing the prior control response, where no cocaine was used, 
to the response obtained in the presence of cocaine using the paired 
"t" test. In all cases, it was found that cocaine, by itself, had no 
excitatory effect on the tissue within the same exposure time which 
had a maximum of 13 minutes. A similar quantity of 0.9% saline 
(0.2 ml) was also found to have no significant effect on the responses 
to noradrenaline. 

The response to noradrenaline in the presence of 1.7 x 10 /™ to 
See B's 10 -M cocaine was found to be significantly increased (Table XI). 
The response to tyramine in the presence of 1.7 x 105M toele/ex 10 °M 
cocaine was also significantly increased (Table XII). The same range 
of cocaine concentrations was capable of potentiating both the 


responses to noradrenaline and tyramine. The response to 5-hydroxytryptamine 
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e ( ) @ @ 
NA NA Coc, NA 
17x 107M 
B 
e @ @ 
NA NA Coc. NA 
3.3x10°M 
t ) @ © 
NA Coc, NA NA 
7xlO M 
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5 min 


Figure 10. Effect of cocaine on the responses to noradrenaline 
in the isolated umbilical artery. 


A: Effect of 1.7 x 10 °M cocaine (Coc) on the 
response to 3 x 10-5M noradrenaline (NA) 


B: Effect of 3.3 x 107°9M cocaine on the response 
to 3 x 107-°M noradrenaline. 


C: Effect of 1.7 x 10-/M cocaine on the response 
to 3 x 107°M noradrenaline. 
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TABLE XI 


Effect of Cocaine on Noradrenaline 


-5 
ED. (3 x 10°°M) 


Cocaine Mean Effect 
“At or &4Y 
g/ml ESE. 
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A 
i) @ e e@ 
Tyr. Coc. e, Tyr. Tyr. 
5x10 M 
B 
@  ) ®@ @ 
Tyr. Coc. , Tyr. Tyr. 
5x10 M 
C 
e e@ t @ 
Tyr. Coc. . Tyr. Tyr. 
5xl0 M 
| tem = 
5 min 


Figure 11. Effect of cocaine on the induced tyramine 
response in the isolated umbilical artery. 
Ant recteoneoex 1074™ cocaine (Coc) on 
the response to 3.65 x 10 'M tyramine (Tyr). 
Biogbetect sole ox 10°°M cocaine on the response 
to 3.65 x 1074M tyramine. 


Crmeet bectsoti ox 107M cocaine on the response 
to 3.65 x 10-4M tyramine. . 
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TABLE XII 


Effect of Cocaine on Tyramine 


q-4 
ED. (2765705 aM) 









Mean Effect 
Vi oye KU 
IES) Dic 


Cocaine 
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A 
e@ e e e@ 
5HT Coc 5HT 5HT 
17x10 M 
B 
e @ @ C ) 
5HT Coc. - 5HT 5HT 
6.6x10 M 
C 
e @ e@ 
5HT Coc. ; SHT 5HT 
66x10 M 
| 
[tom 5 min 


Figure 12. Effect of cocaine on the response to 5-hydroxy- 
tryptamine in the isolated umbilical artery. 


A: Effect of 1.7 x 1074M cocaine (Coc) on the 
response to 1.26 x 10-/M 5-hydroxytyryptamine 
GSHijn 


BipebieecurOts Onn. 10-/M cocaine on the response 
to 1.26 x 10-/M 5-hydroxytryptamine. 


C: Effect of 6.6 x 10-8M cocaine on the response 
to 1.26 x 10-/M 5-hydroxytryptamine. 
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TABLE XIII 


Effect of Cocaine on 5-hydroxytryptamine 


EDs (1.26 x 107 /M) 





Mean Effect 


Cocaine 7k or ZA ee 8 
g/ml M Po9s By 
Kae eces a Oa 44 2 = 
sake G6 SaOn, +27 + 15.3 3 N.S. 
mtn” alas ame +32 + 20.0 9 N.S 
aie ie7 £100 $45 ue _ 
saline e262 10! #29 + 5.2 4 <0.05 
mig! i? l0ee i oe Pe 4 <0.05 
mi 626 10 2 septs Hele 5 <0.05 
£10 ° Pere TO iyN eB 4 N.S 
rulOaz 2G re OS, 5 N.S 
GPS ;aveeaioae SqfeEoys, 7 6 <0.05 
we RTI -36 2 --- 
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5 min 


Figure 13. Effect of cocaine on the responses to histamine 
in the isolated umbilical artery. 


Ash Effect ote aras 107°M cocaine (Coc) on the 
response to 1.8 x 10- & histamine (Hist). 


Bo Effect sofeor. on 10-8mM cocaine (Coc) on the 
response to 1.8 x 10-6M histamine. 
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TABLE XIV 


Effect of Cocaine on Histamine 


=6 
ED. 9 CL. Sez aby iM) 







Mean Effect 
Zt or ZY 
aS) 6 dike 


Cocaine 


fe 


e t ) 

Ceci iene 

6.6xl0 M 
e@ e@ 
Coc. Kt 
66x10 M 


5 min 


Figure 14. Effect of cocaine on the response to KCl in 
the isolated umbilical artery. 


A: 


Effect. ol 0.0) 10-4M cocaine (Coc) on 
the response to 40mM KCl Chane 


Effect of96.6 x 10-’7M cocaine on the 
response to 40mM KCl. 


aL 


TABLE XV 


Effect of Cocaine on KCl 
M 
ED. 4 (40m™) 


Cocaine Mean Effect 
EteOL-.+ 
ats ey Lie 
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was also significantly increased by cocaine, but the range of 
effective cocaine concentrations was more limited, 6.6 x 107! to 
6.6 x 10°°M (Table XIII). 

At an equivalent concentration of cocaine (1.7 x lpacr which 
causes maximal potentiation of the 5-hydroxytryptamine and = maximal 
potentiation of the response to noradrenaline, it is seen that the 
degree of potentiation is significantly (p<0.05) greater for the 
response to noradrenaline. 


Neither the histamine nor the potassium chloride induced 


contractures were increased by cocaine (Tables XIV and XV). 


3. Effect of Phentolamine on Responses to Agonists 
Table XVI and Figure 15 illustrate the effects of phentolamine 

on the ED. 9 responses to noradrenaline, tyramine and 5-hydroxytryptamine. 
Standard responses to the agonists were obtained, then the tissue was 
pretreated with various concentrations of phentolamine for 5 minutes 
and the agonist retested with the phentolamine present in the bath. 
There is a significant decrease in responses to agonists when the 
phentolamine concentration is 1.8 x age or greater. Responses to 
noradrenaline and tyramine are significantly more sensitive to the 


antagonist action of phentolamine than are the responses to 5-hydroxy- 


tryptamine (p<0.05). 


4, Effect of Propranolol on Responses to Agonists 


Table XVII and Figures 16 and 17 illustrate the effects of 


propranolol on responses to various agonists. The experiments were 


Lis 


Figure ™ 15: 
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NA Phentol, NA NA Phentol, NA w. NA 
- -4 
195x10. M ig5xl0 M 
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Tyr. Tyr. Phentol. Tyr. Tyr. Phentol. Tyr. Ww. Tyr. 
185x10> M 185xl0 M 
t ) @ @ e@ e e 
5HT Phentol. 5SHT 5HT Phentol. 5HT 
L85xl0> M 185x10 
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5min 


Effect of phentolamine on responses to noradrenaline, 
tyramine and 5-hydroxytryptamine. 


A: Effect.of 1.85 x 107-M and 1.85 x) L095 !M 
phentolamine (Phentol) on the responses to 
3 x 10°°M noradrenaline (NA). 


B: Effect of 1.85 x 10-5M and 1.85 x 107-°M 
phentolamine on the responses to 3.65 x 10-4 
tyramine (Tyr). 


C: Effect of 1.85 x 107°M and 1.85 x 10°M 
phentolamine on the responses to 1.26 x 10-/M 
5-hydroxytryptamine (5HT). 
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TABLE XVI 


Effect of Phentolamine on Responses to Noradrenaline, 


Tyramine and 5-hydroxytryptamine 


Phentolamine Mean Effect 


O. 
At or hy P 
g/ml M SE. Expts. 


Drug 


Noradrenaline 


(5 x foe ial 
or 3 x 10->5M) 


Tyramine 


(5 x 107>¢/ml1 
Or 3.65 x 10-4M) 


D=HE 


2-x ne aynal 
or 1.26 x 10~’M) 
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A 
NA e e e e e ee 
Ero NA NA Prop. NA w.NA 
195x10 °M 95x10 °M 
B 
e e e e e td e 
Tyr. Prop. Tyr. Tyr, Prop. Tyr. w. 
195 x10 °M 95x10 °M 
C La aed 
e C) e e 
Tyr. Prop. Tyr. Tyr. 
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Lem | — 
5 min 


Figure 16. Effect of propranolol on the responses to 
noradrenaline and tyramine in the isolated 
umbilical artery. 


A: Effect of 1.95 x 107M and 1.95 x 107°M 
propranolol (Prop) on the responses to 
3 x 107°M noradrenaline (NA). 


B: Effect of 1.95 x 10-6 and 1.95 x 107*™ 
pe Ae on the responses to 3.65 x 
10-"°M tyramine (Tyr). 

C: Effect of 1.95 x 10-5M propranolol on the 
response to 3.65 x 10-4M tyramine. 


w. implies wash-out of the drug from organ 
bath 
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Figure 17. Effect of propranolol on responses to 5-hydroxy- 
tryptamine in the isolated umbilical artery. 


ING 


Effect of 1.95 x 10-°M propranolol (Prop) 
on the response to 1.26 x 10-/M 5-hydroxy- 
tryptamine (5HT). 


Effect of 1.95 x 10-4M propranolol on the 
response to 1.26 x 10-/M 5-hydroxytryptamine. 


Effect of 1.95 x 1073M propranolol on the 
response to 1.26 x 10-7M 5-hydroxytryptamine. 
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TABLE XVII 


Effect of Propranolol on Responses to Noradrenaline, 


Tyramine and 5-hydroxytryptamine 


Mean Effect 





Propranolol Ee ee No. ‘ 
Drug agai M S.E. Expts. 
Noradrenaline 
etn a) at ue PO ee one oe ae 2 ee 
or 3 x 107 M) 6 5 
Sex 10 1.95 x 10 +6 + 4.8 4 N.S 
nT Se eS a eee 4 N.S 
Be Ob eS ea 10S e100 0 3 <0.05 
Tyramine 
(5 x 107? g/ml Box 300° TeCies ali +33.5+16.2 6 <0.05 
or 3.65 x 10-4) “6 a 
5 x 10 1.95 x 10 +33 +90 4 N.S. 
5 x 10-7 ee se ee =f00) 4.0 3 <0.05 
5-HT 
Ss -6 =) 
(2 x 10 °g/ml 5 x 10 1.95 x 10 =Oramine? 49 6 <0.05 
or 1.26 x 10~/M) ar n 
5) Se 116) 95a xO =(93) ar 5.2 15 <0.05 
Le ak) ose alae -68 + 6.4 3 <0.05 
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designed in the same manner as those using phentolamine. It is 
noted that high concentrations of propranolol (1.95 x 107m) cause 

a complete inhibition of responses to noradrenaline and tyramine, 

a lower propranolol concentration (1.95 x 107>M) significantly 
increased the response to tyramine but had no effect on the 
noradrenaline contracture, responses to 5-hydroxytryptamine are 
subject to a progressive decline in the presence of propranolol with 


a maximal reduction apparent at 1.95 x 10°". 


5. Effect of Noradrenaline on Induced Tyramine Responses 
Table XVIII and Figure 18A illustrate the influence of 

noradrenaline on induced tyramine responses in the umbilical artery. 
Standard induced tyramine responses were obtained by the method 
described earlier, and then both noradrenaline and tyramine were 
administered to the tissue. It was found that threshold and sub- 
threshold concentrations of noradrenaline, 3 x Kore COmo ec ny si, 
significantly increased the induced-tyramine response. The effect of 
noradrenaline alone was determined following exposure to both nor- 
adrenaline and tyramine. It is noted that when the noradrenaline 


concentration is raised above threshold (ier >107>M) there is no 


significant (p>0.05) increase of the induced-tyramine response. 


6. Effect of DPTC [2'(3 dimethylaminopropylthio)cinnamonilide 
hydrochloride] on Responses to 5-hydroxytryptamine, Noradrenaline 


and Tyramine 


DPTC has been described as a fairly selective 5-hydroxytryptamine 


receptor antagonist (Paton, 1968) and has thus been employed in this 


1g 


e@ ® ® @ 
NA Tyr Tyr. Tyr 
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Figure 18. Effect of noradrenaline on the tyramine response 
in the isolated umbilical artery and the isolated 
guinea-pig vas deferens. 


A: Effect of 3 x 107’ noradrenaline (NA) on 
the response to 3.65 x 10-4M tyramine (Tyr) 
in the umbilical artery. 


B: Effect of 3 x 10711 noradrenaline on the 


response to 3.65 x 10-°M tyramine in the 
guinea-pig vas deferens. 


w.o. implies the wash-out of the drug from the 
organ bath. 
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TABLE XVIII 


Effect of Noradrenaline on Induced-Tyramine Response 


-__-_eoorr-- ee. 








Mean Effect 
Zt or ZY 
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investigation to try and differentiate the effects of 5-hydroxytryptamine 
from those of noradrenaline and tyramine. Standard responses to the 
agonists were obtained and then the tissues were pre-treated with DPTC 
for 5 minutes and the agonist retested. It is shown in Table XIX and 
Figure 19 that responses to 5-hydroxytryptamine are significantly 
(p<0.05) more sensitive to DPTC than are the responses to noradrenaline 


and tyramine responses. 


7. Cocaine Protection against Receptor Blockade by Phentolamine 
or Phenoxybenzamine 


Table XX and Figure 20 illustrate the effect of cocaine against 
the blockade of a-adrenergic or 5-hydroxytryptamine receptors with 
phentolamine or phenoxybenzamine. Standard responses to noradrenaline 
and 5-hydroxytryptamine were obtained, the tissues were exposed to 
cocaine for 5 minutes, and then phentolamine or phenoxybenzamine for 
a further five minutes, and finally the agonist, either noradrenaline 
or 5-hydroxytryptamine, was added. It wasnoted that the concentrations 


4M for noradrenaline and 6.0 x 10-M for 


of cocaine used, 1.7 x 10° 
5-hydroxytryptamine, were those which had earlier been found to have 
no significant effect on responses to noradrenaline or 5-hydroxytryptamine 
(Tables XI and XIII). The concentration of phentolamine or phenoxy- 
benzamine used were those which had been found to produce an approximate 
50% reduction in the responses to the two agonists. 

The results illustrated in Table XX suggest that cocaine 


cannot protect either noradrenaline or 5-hydroxytryptamine responses 


against phenoxybenzamine or phentolamine blockade. 


122 


Figure 19. 
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Effect of DPTC on the responses to 5-hydroxy- 
tryptamine, noradrenaline and tyramine in the 
isolated umbilical artery. 


A: Effect of 5.4 x 107M and 5.4 x 10-5M DPTC 
on the responses to 1.26 x 10-/M 5-hydroxy- 
tryptamine (5HT). 


B: Effect of 5.4 x 107M and 5.4 x 10-°M DPTC 
on the responses to 3 x 10-5M noradrenaline 
(NA). 

C: Effect of 5.4 x 107M DPTC on the response 
to 3.65 x 10-4M tyramine (Tyr) 


Effect of DPTC on Responses to 5~hydroxytryptamine, 


TABLE XIX 


Noradrenaline and Tyramine 
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Figure 20: Effect of cocaine on receptor blockade produced by 


phentolamine and phenoxybenzamine in the isolated 
umbilical artery. 


A: Effect of 1.7 x 107‘™ cocaine (Coc) on the phentolamine 
(Phentol)cw/.2.x 10-6, induced a-receptor blockade 
of the response to 3 x 107-5M noradrenaline (NA). 


B: Effect of 6.6 x 1074M cocaine on the phenoxybenzamine 
(POB), 7.4 x 10-6M, induced tyrptaminergic-receptor 
blockade of the response to 1.26 x 10-/M 5-hydroxy- 
tryptamine (5HT). 
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IV. DISCUSSION 


A. WHOLE ORGAN PERFUSION 


In the experiments that have been presented here the effect 
of cocaine on responses to noradrenaline, although significant, was 
quite small. von Euler (1938) demonstrated in the isolated perfused 
human placenta, that 2 mg of cocaine, injected 2-5 minutes before 
adrenaline, doubled the response to this catecholamine. Eliasson and 
Astrém (1955) found that 3 mg of cocaine, injected 3-5 minutes prior 
to noradrenaline, caused a three-fold increase in the response to 
noradrenaline. 

The tachyphylactic nature of the responses to tyramine obtained 
in the whole organ preparations support the theory that tyramine 
acts by releasing noradrenaline (Fleckenstein and Burn, 1933 ; Burn 
and Rand, 1958) the supply of which, on repeated administration of 
tyramine, gradually diminishes. This, of course, presupposes that 
sufficient releasable noradrenaline exists in the placenta and the 
umbilical cord. Table IV shows that low levels of noradrenaline can 
be detected in the placenta and the cord but whether these are 
sufficient or necessary for the response to tyramine was not demon- 
strated; however, noradrenaline was shown to restore the response 
to tyramine (see Figure 6 and Table II). That tyramine may have a 
direct action in the placental preparation, via o-adrenergic receptors 
or otherwise, is well documented for non-innervated (Takenaka, 1963; 


Somlyo et al., 1965; Gulati and Kelkar, 1971) as well as other tissues 
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(Luduena, 1963; Furchgott et al., 1963; Hudgins and Fleming, 1966; 
Bevan and Verity, 1967; Arthur and Fleming, 1968). Tyramine, also, 
may merely require a small amount of noradrenaline, at a subthreshold 
level, in order to induce a response. Thus, Nedergaard and Westermann 
(1968) found that a brief exposure of the stripped guinea-pig vas 
deferens to a threshold concentration of noradrenaline resulted in 

a large increase in the response to tyramine. This phenomena was 

not seen in the rat vas deferens (Barrett et al., 1968; Laporte et al., 
1970). Kutschinsky et al. (1960), Lindmar and Muscholl (1961) and 
Nasmyth (1962) have also emphasized that low noradrenaline concentrations 
are sufficient for the production of a response to tyramine. A role 
of noradrenaline as an adjuvant or catalyst in the biophase for a 
direct response to tyramine was suggested by Fawaz (1961) and 
Murnaghan (1965). This present study has also indicated that sub- 
threshold concentrations of noradrenaline can potentiate the response 
to tyramine in the isolated guinea-pig vas deferens (Figure 18B). The 
present results, and those of Nedergaard and Westermann (1968), using 
the guinea-pig vas deferens, could conceivably be explained by the 
uptake of sufficient noradrenaline during the brief exposure time to 
result in a tyramine induced release of noradrenaline which is far 


above the threshold concentration necessary for contraction. 


B. NORADRENALINE ANALYSIS OF PLACENTA AND UMBILICAL CORD 


The presence of small amounts of noradrenaline in the human 


placenta (0.045 ug/g) and umbilical cord (0.075 ug/g) is in disagreement 
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with the results of Davignon and Shepherd (1964) who found less than 
0.005 ug/g noradrenaline in the human umbilical cord. The presence 

of noradrenaline is also rather surprising since the fluorescence 
microscopy studies reported here failed to detect any adrenergic 
nerves. However, Lachenmayer (1971) has found low levels of noradrena- 
line (0.03-0.06 ug/g) in extracts from the whole umbilical cord of 

the guinea-pig and the rabbit. The presence of this low level of 
noradrenaline could be explained in two ways: Firstly, there may be 

a sparse adrenergic nerve network in the umbilical cord. For instance, 
the lung has a noradrenaline concentration of 0.1 ug/g indicative of 
the sparse adrenergic nerve supply to this organ, whilst the average 
noradrenaline content of bovine splenic arteries and veins is 0.36 ug/g 
(von Euler and Lishajko, 1958). Secondly, the noradrenaline may be 
extraneuronally bound and may have originated from either some 

distant adrenergic nerve activity or from the adrenal medulla. Since 
the fluorescence histochemistry failed to demonstrate any adrenergic 
nerve endings, the second alternative seems most likely. The fact 

that noradrenaline is found associated with both the umbilical arteries 
and the veins suggests that it may originate from both the foetus and 
the mother. It has been shown that noradrenaline may cross the 
placenta (Baker, 1960: Beard, 1962; Sandler et al., 1963; 

Jacobson and Adamson, 1966). There is a marked increase in urinary 
noradrenaline and adrenaline during human labor (Zuspan et al., 1967; 
Zuspan, 1970; Goodall and Diddle, 1972) and noradrenaline and adrenaline 
have been detected in the amniotic fluid of the human foetus (Zuspan, 


1970). The noradrenaline may also have originated from the foetal 
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adrenal glands as they have been shown to be capable of releasing 
noradrenaline (Comline and Silver, 1961; Comline and seen 1963, 
1965; Hervonen, 1971) which is the predominant catecholamine in 
these glands (Shepherd and West, 1951; Hékfelt, 1952; Greenberg and 
Lund, 1961). 

The in vitro demonstration of the relative lack of sensitivity 
of umbilical arteries to noradrenaline, compared, for instance, to the 
sensitivity of these vessels to 5-hydroxytryptamine, does not exclude 
the possibility that noradrenaline may be involved in the closure of 
the human umbilical arteries. Extrapolation of the results obtained 
in vitro to the situation which would be found in vivo is questionable. 
The difference between in vivo and in vitro results is well illustrated 
by the observation that in foetal lambs, before or during birth, in vivo, 
hypoxaemia caused umbilical vasoconstriction (Dawes, 1968). In vitro 
experiments, using isolated sheep placenta, demonstrated that hypoxaemia 
caused umbilical vasodilation (Lewis, 1968). In vitro experiments, 
using isolated human placenta or isolated umbilical arteries, have also 
demonstrated that hypoxaemia caused umbilical vasodilation (Nyberg and 
Westin, 1957; Panigel, 1962, Lewis, 1968; Bor and Guntheroth, 1970). 
The situation in vivo for the human is unclear (Dawes, 1968) and it 
is obvious that it would be dangerous to extrapolate the in vitro 
results to the in vivo condition. Dawes (1968) considers it possible 
that the closure of the extra-abdominal portion of the umbilical cord, 
in vivo, may be due to substances reaching the vessels through the 
blood stream, and could be explained by the release of catecholamines. 


Rather than a single cause for the closure of the umbilical arteries, 
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a large number of factors may interact in a complex manner to cause 
these cord vessels to constrict at birth. For example, prostaglandins 
may be a factor in closure of umbilical arteries. Prostaglandins are 


Zt 107°) in the human umbilical 


active in very low concentrations (10. 
cord (Karim, 1967; Hiller and Karim, 1968), and can potentiate and 
inhibit the actions of certain agonists in other smooth muscle systems 
(Pickles et al., 1965; Clegg et al., 1966; Davies and Withrington, 
1968; Davies et al., 1968; Nedqvist, 1970; Kadowitz et al., 197la, 1971b). 
Recently prostaglandin-antagonists have been described by Sanner (1969), 


Fried et al. (1969), Eakins and Karim (1970), Eakins et al. (1970), 


Eakins et al. (1971) and their physiological role could now be tested. 


C. FLUORESCENCE MICROSCOPY OF UMBILICAL TISSUE 


This study has examined both normal and noradrenaline-incubated 
tissues and demonstrated that the human umbilical cord is not innervated 
by adrenergic nerve fibres. This conclusion is supported by the 
recent work of Walker and McLean (1971), who, using a-methylnoradrenaline 
and the Falck-Hillarp Method, also failed to detect adrenergic nerve 
fibres. Walker and McClean (1971) used a-methylnoradrenaline instead 
of the natural transmitter noradrenaline because the a-methyl derivative 
is monoamine oxidase (MAO) resistant. Our study has employed nor- 
adrenaline because the MAO content of the human umbilical cord is 
reported to be very low (Gennser and Studwitz, 1969). The lack of 
appreciable amounts of MAO in this tissue is consistent with the 


finding that the use of the MAO inhibitor parnate failed to enhance 
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noradrenaline uptake in the isolated perfused umbilical dreerhat chese 
results are discussed later. Tissues pre-incubated with parnate and 
noradrenaline demonstrated no adrenergic nerve endings by fluorescence 
microscopy. An earlier histochemical study of adrenergic nerves in 
20-24 week old human foetuses also revealed no innervation of the 
extra-abdominal umbilical cord beyond 1 cm from the foetus (Ehinger 
et al., 1968). 

It is possible that the short delay in freezing and sectioning 
the umbilical cord may have affected adrenergic nerve-endings present 
in the sample, however, it was shown that innervated vessels could 
still accumulate noradrenaline into the nerve endings after partial 
depletion of neuronal noradrenaline. Also, the adrenergic nerve ending 
of innervated tissues which have been left exposed to laboratory conditions 
for one hour or more, are still detectable by fluorescence histochemistry. 
If nerve endings were present but contained too little noradrenaline 
to be detected, then, following incubation with noradrenaline, they 
would have been visible by fluorescence microscopy. This statement is 
supported by the fact that Read and Burnstock (1970), using an identical 
technique, have shown that adrenergic nerve endings in foetal tissue 
can be detected after incubation with a-methyl noradrenaline whereas 
before treatment they were not visible. 

In most vascular smooth muscle systems of adult animals, the 
terminal sympathetic effector plexus is confined to the adventitio-—- 
medial junction (Lever and Esterhuizen, 1961; Falck, 1962; Norberg 
and Hamberger, 1964), although the sheep carotid artery is an exception 


(Keatinge, 1966). Fluorescent nerve endings were found by Shibata et al. 
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(1971) in the media of the aorta of young (<1.3 kg) rabbits, but not 

of older rabbits (<3.5 kg). It is possible that the absence of an 
adventitia in the human umbilical artery (Maximow and Bloom 1952; 
Bailey, 1964) implies a lack of a nerve plexus; however, the lack of 
corroborative evidence makes this speculation tenuous. The extreme 
sensitivity of the histochemical method suggests that even a sparse 
adrenergic innervation in the umbilical cord would be detected. The 
amount of catecholamine needed for histochemical visualization seems 

to be very low, provided that it is concentrated in a specific location 
(de Champlain et al., 1970). Norberg and Hamberger (1964) estimated 
that less than 1 picogram (oles g). evenly distributed in the entire 
perinuclear cytoplasm, of average volume 10,000 - 20,000 Te could be 
readily detected. Intense fluorescence was found when the estimated 
amount of noradrenaline in the adrenergic nerve endings was 0.4 x 

10,° ug (Norberg and Hamberger, 1964; Dahlstrém et al., 1966; Dahlstrom 
and Haggendal, 1966). Further emphasis as to the sensitivity of this 
technique is provided by the finding of Fuxe and Sedvall (1964) and 
Andén et al. (1966) where it was found that fluorescence was still 
readily detectable when noradrenaline content was reduced by 95% to 
levels as low as 10 ng/g. The limiting factor to detection of specific 
catecholamine fluorescence is the background fluorescence or auto- 
fluorescence, caused by tissue proteins. Corrodi and Jonsson (1967) 
found that in a model protein layer 10 thick, primary catecholamines 
and 5-hydroxytryptamines could be demonstrated in concentrations of 
0.001 to 0.005% (w/v) or 1-8 ug/g protein. In these studies, of course, 


the monoamines were evenly distributed throughout the protein and not 
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localised, as would be the case in nerve endings. The level of 
detection suggested by Corrodi and Jonsson (1967) would explain why 
no specific areas of fluorescence were detected in our study while 
in normal umbilical cords low levels of "extraneuronal" noradrenaline 
were detected by chemical analysis. If such levels of noradrenaline 
were localised in nerve endings it would be expected that the 
varicosities would have been detected by the histochemical technique. 
On the basis of the studies performed here, the extra-abdominal 
portion of the human umbilical cord can be considered as being free 
of adrenergic nerves. The results here thus confirmed those of 
Walker and McClean (1971). Ellison (1971) has detected large bundles 
of acetylcholinesterase-positive fibers in the human umbilical cord. 
Acetylcholinesterase is an enzyme which is selectively present in 
nervous structures (Erdinkdé, 1967), however, the thiocholine technique, 
which was used by Ellison (1971), cannot distinguish between acetyl- 
cholinesterases and the nonspecific cholinesterases which are not 
necessarily associated with nervous structures. A further investigation 
into the presence of cholinesterases in the human umbilical cord 
utilizing an inhibitor of non-specific cholinesterases (Koelle and 


Gromadzki, 1966) would be valuable. 


D. EFFECT OF DRUGS ON NORADRENALINE UPTAKE 


1. Comparison of the Extraneuronal Uptake Process in Non-innervated 


Tissues to that in Innervated Tissues 


In the present study it was found that the pre-incubation of 
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umbilical cord segments with phenoxybenzamine, cocaine or normetanephrine 
has no visible effect on the noradrenaline fluorescence as viewed by 

the fluorescence microscope. Experiments were also performed to show 
that cocaine, phenoxybenzamine and normetanephrine, at the concentrations 
used in this study, produced no fluorescence which could interfere with 
the interpretation of the experiments. It has been shown that 3-0- 
methylated or deaminated catecholamines do not react, or to only a 

very small degree, with the formaldehyde (Jonsson, 1967a, 1967b; 

Van Orden et al., 1966). In our study, biochemical analysis of 
similarly treated umbilical arteries revealed that a significant 
decrease in noradrenaline uptake could be detected, the maximal 

decrease being that produced by 3.7 x 10°°M phenoxybenzamine which 
caused a 29% decrease in noradrenaline uptake. Biochemical analysis 
also demonstrated that cooling the perfusion solution from 37°C to 

O°C or 20°C significantly decreased noradrenaline uptake. Fluorescence 
microscopy, however, failed to detect these changes. The tissue to 
medium ratios that have been obtained for the extraneuronal process in 
innervated vascular smooth muscle systems (cf. Gillespie, 1968), 
although not accurately measured, do not seem to exceed 3:1; the 

tissue to medium ratios that we have demonstrated by biochemical analysis 
in the non-innervated human umbilical artery approach one. Thus, the 
extraneuronal process is more efficient in innervated systems; 

Burnstock et al. (1971) have reached the same conclusion. The decreases 
in noradrenaline uptake caused by phenoxybenzamine and normetanephrine 
in the umbilical artery were found to be much smaller than those 


encountered in innervated tissues, where the extraneuronal uptake of 
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noradrenaline is almost completely inhibited by these agents (Gillespie, 
1969; Clarke et al., 1969; Lightman and Iversen, 1969; Gillespie et al. 
1971; Burnstock et al., 1971). These differences cannot be explained 
on the basis of differences in efficiency of the extraneuronal uptake 
process is innervated and non-innervated tissues. Thus, using a 
noradrenaline perfusion concentration of 40 pg/ml, Gillespie (1968) 

and Gillespie et al. (1970) estimated the extraneuronal uptake of 
noradrenaline in cat spleen to be, at maximum, 120 ug/g. Using the 
umbilical artery, an extraneuronal noradrenaline uptake of not more 
than 40 pg/g tissue has been found in our experiments. Phenoxybenzamine 
was found to produce 95% inhibition of the extraneuronal uptake of 
noradrenaline by arterial smooth muscle (Gillespie, 1968) suggesting 
that the tissue level of noradrenaline under these conditions would 

be less than 6 yg/g. In the umbilical artery we have found that the 
inhibition does not exceed 30% suggesting that the extraneuronal uptake 
is of the order of 28 ug/g. Clearly the extraneuronal process in the 
non-innervated human umbilical artery is less sensitive to inhibition 
by phenoxybenzamine and normetanephrine. 

No differences have been detected in the extraneuronal uptake 
of noradrenaline with or without phenoxybenzamine, normetanephrine, 
cocaine, or cold treatment when using fluorescence microscopy, but 
significant differences were found when the tissues were biochemically 
analysed for noradrenaline content. The reason these two techniques 
yielded different results is that fluorescence histochemical technique, 
despite its sensitivity and specificity, cannot detect relatively 


small changes in overall tissue fluorescence when one compares 
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different tissue sections. Such quantitative changes in catecholamine 
fluorescence are not detected because they are probably masked by 
differences in intensity of autofluorescence from one section to the 
next. Autofluorescence also tends to change with time, and catechol- 
amine fluorescence, with continued excitation, fades with time. 
Jacobowitz and Brus (1971), who used a similar experimental design 

as that employed here (see METHODS), have concluded that normetanephrine, 
metanephrine, phenoxybenzamine, phentolamine and certain other drugs 
could markedly decrease extraneuronal noradrenaline uptake in the 
guinea-pig heart. In this instance, however, these inhibitors caused 

an almost complete inhibition of catecholamine fluorescence and thus 
such a change was readily detectable by fluorescence histochemistry. 
Since Burnstock et al. (1971) have used the same techniques for both 
innervated and non-innervated tissues and found the extraneuronal uptake 
process in non-innervated tissues is much less sensitive to inhibition 
by drugs than the process which occurs in innervated tissues, it is 
clear that the findings cannot be due to differences in technique. 
Avakian and Gillespie (1968), Gillespie (1968) and Gillespie et al. 
(1970) have used microspectrophotometer techniques which can detect 
changes in fluorescence intensity and, by using these techniques, they 
were able to detect changes in extraneuronal uptake after various 
treatments. Studies of catecholamine fluorescence using scanning 
microspectrophotometric techniques has been described by several authors 
(Caspersson et al., 1966; Gillis et al., 1966; Ritzen, 1966; Van Orden 
et al., 1966a, 1967; Jonsson, 1969; Lichensteiger and Langemann, 1969; 


Jonsson and Malmfors, 1970; Van Orden, 1970). However, this technique 
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also suffers from similar problems to those encountered in comparison 
of the reciprocal of the exposure time (see METHODS) and thus the 
measurements are only semi-quantitative (Ritzen, 1966; Van Orden et al., 
1966; Ploem, 1969). 

Jonsson (1969) has suggested that it is advisable to correlate 
noradrenaline histochemical studies with chemical assays of the amine 
content. Biochemical analysis carried out in the course of our 
studies revealed that metaraminol, a potent neuronal uptake inhibitor 
(Iversen, 1967), did not affect the extraneuronal uptake of noradrenaline. 
Similar findings have been reported for the effect of metaraminol on 
extraneuronal uptake in innervated tissues (cf. Gillespie, 1968). 

The findings that metaraminol did not influence the noradrenaline uptake 
is consistent with the earlier conclusion that the human umbilical cord 
lacks adrenergic nerves; if adrenergic nerves were present some of the 
noradrenaline uptake would occur intraneuronally and should be 
significantly reduced by metaraminol. 

The biochemical assay results obtained from perfusion of 
isolated umbilical artery strips with various concentration of 
noradrenaline (6 x 10° /™ tod2s4 % 10° 'M), provide evidence that this 
tissue can accumulate noradrenaline even when the perfusion concen- 
tration is as low as 6 x 10° /M. After blocking MAO with parnate no 
changes were detected in the uptake of noradrenaline. Burnstock et al. 
(1971) have obtained similar results, using the non-innervated chick 
amnion and human umbilical cord, employing nialamide as the MAO 
inhibitor. Either MAO is not present in the tissue or, if MAO is 


present, it is not available to extraneuronal noradrenaline. Gennser and 
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Studwitz (1969) detected only low levels of MAO in the extra-abdominal 
portion of the human umbilical artery. When the innervated rabbit 

ear artery was pretreated with an MAO or COMT inhibitor, there was 

a significant increase in the noradrenaline uptake and the threshold 
level, at which noradrenaline uptake could be demonstrated histo- 


2 too x 10 /™ (Burnstock et al., 


chemically, was lowered from 6 x 10 
1971). After blocking both MAO and COMT, Lightman and Iversen (1969) 
could detect accumulation by "uptake," in the isolated rat heart, at 


CroeGe 10°. 


noradrenaline perfusion concentrations of 3 x 1045 

Our study and that of Burnstock et al. (1971) have also indicated 
a similar level of detection, 6 x 10° /M, in the non-innervated human 
umbilical artery. Eisenfeld et al. (1967a, 1967b) detected extra- 
neuronal uptake of noradrenaline, or its metabolites, in the rat 
heart at a 3H-noradrenaline concentration of 3 x 100° M: an extraneuronal 
uptake site was confirmed by use of high concentrations of cocaine or 
immunosympathectomy. A much higher threshold of 6 x 10 °M for extra- 
neuronal noradrenaline uptake into the vascular smooth muscle of cat 
spleen was demonstrated by Avakian and Gillespie (1968) and a similar 
threshold level was detected by Burnstock et al. (1971) in the rabbit 
ear artery. 

A cocaine sensitive component of extraneuronal noradrenaline 
uptake was reported by Kopin (1964) and Hughes et al. (1969). Our 
studies have indicated that cocaine can produce only a small inhibition 
(15%) of extraneuronal noradrenaline uptake into the human umbilical 


artery when used at high concentrations Glisex 107“M). Gillespie (1968) 


has also stated that cocaine has little or no effect on uptake of 
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extraneuronal noradrenaline into vascular smooth muscle. Clearly 

the mechanism for extraneuronal uptake of noradrenaline is considerably 
less sensitive to cocaine than the neuronal uptake of noradrenaline 
into the rat heart which is inhibited 50% when cocaine, at a concen- 


; ay : : 
tration of 3.7 x 10 M, is present in the perfusion medium (Iversen, 


1967). 


2. The Mechanism and Function of Extraneuronal Uptake 


It is not yet clear whether extraneuronal uptake of noradrenaline 
by smooth muscle cells, and other structures, has any physiological 
significance. The nature of the extraneuronal uptake is not known. 

There is insufficient evidence to say whether extraneuronal 
noradrenaline is transported across the cell membrane by an energy- 
dependent active transport mechanism. It is not known whether the 
noradrenaline crosses the membrane against a concentration gradient, 
but Gillespie (1968) states that in the absence of intracellular binding 
of noradrenaline, passive diffusion across the membrane could not 
account for the accumulation of noradrenaline within the smooth muscle. 
Avakian and Gillespie (1968) and Gillespie et al. (1970) suggested 
that the process may involve an energy-dependent specific carrier 
aggaets the process is inhibited by normetanephrine, phenoxybenzamine 
and ouabain. The results reported here have shown that 10° 'M ouabain 
can produce a 32% inhibition of the extraneuronal uptake of noradrenaline 
in the human umbilical artery, and Gillespie et al. (1970) demonstrated 
that 10 > ouabain produced a 50% inhibition of uptake in the cat 


spleen. The effect of ouabain, however, may not result from inhibition 
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of transport since the concentrations were much larger than those 


5 


reported to inhibit membrane ATPase (10 ~M for 30 minutes, cf. Paton, 


1971). 

Eisenfeld et al. (1967a, 1967b) have suggested that extra- 
neuronal uptake in innervated tissue may occur by facilitated diffusion 
alone. The claim was supported by the observation that noradrenaline 
was unlikely to be transported against a concentration gradient, but 
the process was inhibited by agents like phenoxybenzamine, normetanephrine 
and yet not affected by the potent "uptake," (cf. *iversen’,91967) inhibitors, 
cocaine or metaraminol. 

The evidence for and against an active transport process or a 
facilitated diffusion process is clearly incomplete and thus further 
investigations are required. The experimental techniques employed 
by such workers as Bogdanski and Brodie (1969), Giachetti and Shore 
(1966), Iversen and Kravitz (1966), Gillis and Paton (1967) and 
Paton (1968a, 1971), have demonstrated a possible involvement of Na’ 
and KT activated adenosine triphosphatase (membrane ATPase) in the 
transport of noradrenaline into adrenergic nerve endings. These 
techniques may be applicable to a further investigation of the 
extraneuronal noradrenaline uptake mechanism. 

Uptake into the arterial smooth muscle is very sensitive to 
temperature change (Gillespie and Hamilton, 1967; Avakian and Gillespie, 
1968; Gillespie et al., 1970) which is suggestive of active transport 
but is also consistent simply with chemical combination with a carrier. 
There is no evidence that the noradrenaline within the cells is 


retained against an electrochemical gradient. Our study indicated only 
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a small decrease in noradrenaline uptake when the temperature was 
0-4°C. The calculated {Wo was 1.2, and this is not consistent with 
an active process in the human umbilical artery. Burnstock et al. 
(1971) have found no significant effect of reduced temperature on 
the uptake of noradrenaline into the non-innervated chick amnion and 
human umbilical artery. The pKa of noradrenaline has been estimated 
as approximately 9.78 (Lewis, 1954; Pratesi, 1963) and it would be 
expected that intracellular accumulation of noradrenaline may occur 
by diffusion. The limit of such a diffusion, without intracellular 
binding, would give a tissue to medium ratio of approximately 2.5 if 
one assumes an intracellular pH of 7.0 and an extracellular pH of 
7.4. It is of interest that the tissue to medium ratios determined 
in this study seldom exceeded one; other workers (cf. Gillespie, 1968) 
have reported a tissue to medium ratio of approximately three. Hughes 
and Gillis (1968) have also indicated that the perfused rat lung 
concentrated noradrenaline to a level several times that of the 
perfusion medium. Thus a pKa dependent diffusion process can account 
for the intracellular/extracellular distribution of noradrenaline by 
the extraneuronal uptake process in the human umbilical artery and 
the non-innervated smooth muscle uptake may be an unspecialized 
diffusion process. Since accurate measurements of the extraneuronal 
intracellular/extracellular noradrenaline distribution in innervated 
tissues are not available this conclusion cannot, as yet, be extended 
to innervated smooth muscle. An unspecialized diffusion process 
cannot explain the inhibition of extraneuronal noradrenaline uptake 


by normetanephrine, metanephrine, phenoxybenzamine which is observed 
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in innervated tissues. 

Our results and also those of Burnstock et al. (1971), indicate 
that whereas the initial loss of noradrenaline after extraneuronal 
uptake from the human umbilical artery is rapid, noradrenaline can 
still be detected after prolonged washing in noradrenaline-free Krebs. 
This finding suggests that some degree of intracellular binding may 
occur. The nature of such binding is, however, unknown. 

Extraneuronal uptake may play an important role in transmitter 
inactivation (Eisenfeld et al., 1967a, 1967b; Lightman and Iversen, 1969). 
Phenoxybenzamine blocks formation of normetanephrine in hearts perfused 
with noradrenaline (Eisenfeld et al., 1967a; Iversen and Langer, 1969; 
Lightman and Langer, 1969; Jarrott, 1970) and phentolamine also has been 
shown (Eisenfeld et al., 1967a) to block extraneuronal uptake and reduce 
the formation of normetanephrine. Eisenfeld et al. (1967a, 1967b) suggest 
that normetanephrine produced locally, might serve to reduce the entry 
of excessive amounts of noradrenaline to extraneuronal intracellular 
sites where adrenergic receptors may be located. Thus, normetanephrine 
may not only be a metabolite of noradrenaline but might also serve to 
modulate the entry of the neurotransmitter to effector cele The 
extraneuronal transport mechanism may either regulate access to the 
receptor or may be part of the receptor mechanism itself. Alternatively, 
the transport mechanism may function to increase access of noradrenaline 
to the intracellular enzymes that metabolize the catecholamine. 

Certain extraneuronal structures such as fibroblasts and 
smooth muscle cells may be sites for noradrenaline uptake and metabolism 


by COMT. Certain tissues have been shown not to accumulate extraneuronal 
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noradrenaline and thus species and tissue differences may exist 
(Gillespie and Muir, 1970). Although such tissue differences may 

be due to variations in the activity of degradative enzymes (Lightman 
and Iversen, 1969), Jarrott (1970) failed to show any correlation 
between the extraneuronal metabolism of noradrenaline by perfused 
hearts and the activity of degradative enzymes in heart homogenates 

of a number of vertebrate species. Burnstock et al. (1971) did find 

a decrease in the threshold for fluorescence detection of noradrenaline 


5M to 6 x 10°/M following 


uptake in the rabbit ear artery from 6 x 10° 
inhibition of COMT and MAO. It would seem likely that the availability 
of degradative enzymes may affect extraneuronal uptake, at least in 
certain tissues. This question may be more accurately answered when 
the exact nature of the mechanism concerned with extraneuronal nor- 
adrenaline uptake is known. 

The fact that both this present report and that of Burnstock 
et al. (1971) demonstrated that extraneuronal uptake of noradrenaline 
can be detected when the perfusion concentration of noradrenaline is 


as low as 6 x 10 /M supports the suggestion that this uptake process 


can occur under physiological conditions. 


E. ISOLATED TISSUE PREPARATION 


1. General Pharmacology of the Isolated Tissue Preparation 


Comparison of the effects of various agonists has shown that 
the isolated human umbilical artery is most sensitive to 5-hydroxytryp- 


tamine and this finding is in agreement with others (Somlyo et al., 1965; 
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Takenaka, 1963) who have used the same preparation. Both 5-hydroxy- 
tryptamine and histamine were capable of inducing contractions in 
preparations which were not affected by noradrenaline; this demonstrates 
that 5-hydroxytryptamine and histamine are unlikely to be acting via 
the a-receptor. The preparations responded initially to low concen- 
tration of synthetic oxytocin, angiotensin and acetylcholine but 
tachyphylaxis rapidly developed and eventually the tissue failed to 
respond to the drug even when the concentration was increased by up 
to 1000-fold. Tachyphylaxis to synthetic oxytocin and angiotensin 
has also been reported in the human umbilical artery preparation, by 
Somlyo et al. (1965). 

An isopropylnoradrenaline-induced relaxation, or contraction, 
in umbilical vessels was not detected either at rest or during 
increased tension from a 5-hydroxytryptamine- or noradrenaline-induced 
contraction. The possibility that the g-adrenergic relaxation effect 
was masked by an effect of isopropylnoradrenaline on the q-receptors 
was eliminated by testing isopropylnoradrenaline on preparations in 
which the a-receptors had been blocked by phentolamine. Somlyo et al. 
(1965) and Gokhale et al. (1966) also failed to demonstrated functional 
8-receptors in the human umbilical artery, but, Ciuchta and Gautieri 
(1963) demonstrated a vasodilator response to isopropylnoradrenaline 
in the perfused human placenta. The vasodilation observed by Ciuchta 
and Gautieri (1963) may be due to an effect of isopropylnoradrenaline 
via 8-receptors at sites other than in the umbilical arteries. If 
8-receptors mediate relaxation of the umbilical artery it would be 


anticipated that when they had been blocked, an increased response to 
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to sympathomimetics acting on both a and f-receptors would be observed. 
It was found, however, that the response to noradrenaline was not 
affected except at high propranolol concentrations (1.95 x 10 >M) 

when the noradrenaline response was completely inhibited. In tissues 
where the interaction of adrenaline and propranolol was studied, 
similar results were obtained. An a-adrenergic blocking action of 
propranolol has also been observed in the rabbit aorta by Kohli and 
Ling (1967), and may be due to the nonselective actions of this compound 
at high concentrations (Mazurkiewicz-Kwilecki, 1970). A decline of 

the response to 5-hydroxytryptamine in the umbilical artery was also 
observed when this agonist was tested in the presence of increasing 
concentrations of propranolol. The induced tyramine response was also 
inhibited by high concentration of propranolol (1.95 x 10 >™) but in 
the presence of 1.95 x 10° °M propranolol the response to tyramine was 
significantly increased. This unexpected potentiation of the induced- 
tyramine response by propranolol is difficult to explain, but Innes 

and Karr (1971) found that another f-adrenergic blocking agent, 
pronethalol, potentiated the actions of sympathomimetics in the cat 
spleen; no reason for this potentiation was suggested. It would appear 
unlikely that there is a functional population of f-adrenergic receptors 
in the human umbilical artery. 

It has been demonstrated, in the present study, that the isolated 
umbilical artery preparation is able to respond to tyramine either by a 
tachyphylactic mechanism, or after continued tyramine administration for 
2-23 hours when the non-tachyphylactic induced-tyramine response was 


produced (Figure 8). The induced-tyramine response could be described as 


an 
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auto-potentiation process where the response to tyramine is influenced by 
a preceding administration of tyramine. A similar auto-potentiation phenomena 
exists for the angiotensin response in the longitudinal smooth muscle 
of the guinea-pig ileum (Godfraind, 1968) and in helical strips of 
guinea-pig aorta (Godfraind, 1970). The explanation for this 
phenomena is, however, not clear. Leach and Fozard (1969) observed 
an auto-potentiation phenomena for the 5-hydroxytryptamine vasomotor 
response in the pithed rat. They suggested that a gradual, time- 
dependent, saturation of the 5-hydroxytryptamine tissue depots could 
account for the auto-potentiation. Possibly a similar mechanism, 
whereby a saturation of tissue tyramine depots is required before 
tyramine can elicit a response, operates in the human umbilical artery. 
The finding that phentolamine, in the concentration range 1.8 x i Ome 
tO 1s8ex Ome has a very similar blocking action on both responses 
to tyramine and noradrenaline suggests that the induced-tyramine response 
which is observed in the human umbilical artery preparation is due to 
a direct action of tyramine on the o-receptor. 

The mechanism by which the induced-tyramine response is produced, 
however, is not clear. The sensitization of the response to tyramine 
by noradrenaline which was observed in both the human umbilical artery 
preparation and also the guinea pig vas deferens, is similar to the 
marked augmentation of the noradrenaline response produced by sub- 
threshold concentrations of 5-hydroxytryptamine in the isolated perfused 
central artery of the rabbit ear (de la Lande et al., 1966, 1967). 
de la Lande et al. (1967) suggested that the serotonin action is due 


to a sensitization of the smooth muscle membrane to excitation by 
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vasoconstrictor substances. 

Astrém and Samelius (1957) demonstrated that the vasoconstrictor 
action of both adrenaline and 5-hydroxytryptamine in the perfused 
human placenta could be blocked by phentolamine. Mancini and Gautieri 
(1964) found that phentolamine can partially block responses to 5-hydroxy- 
tryptamine in the perfused human placenta and suggested that this might 
be explained by an action of 5-hydroxytryptamine on the a-adrenergic 
receptor. 

Innes (1962) suggested that 5-hydroxytryptamine acts via 
a-receptors in the cat spleen preparation, and examples exist where 
certain sympathomimetics have been postulated to act via 5—hydroxy- 
tryptamine receptors (Vane, 1960; Innes, 1963; Innes and Kohli, 1969; 
Innes, 1970). Since several of these investigations involved the use 
of receptor protection techniques it is possible that these interactions 
of sympathomimetics on 5-hydroxytryptamine receptors, and vice versa, 
only occur at high doses of the drugs (Kohli, 1969). Protection i, 
high doses of a drug may therefore indicate a degree of affinity for 
a specific type of receptor, but does not necessarily indicate that 
interaction with these receptors is responsible for the action of the 
drug. 

In view of the above findings, it was decided to investigate 
a possible action of tyramine and noradrenaline via 5-hydroxytryptamine 
receptors or 5-hydroxytryptamine acting via o-receptors, in the human 
umbilical artery. The effects of these three agonists were therefore 
determined with and without the presence of the g-adrenergic antagonist 


phentolamine, or the 5-hydroxytryptamine antagonist DPTC. The results 
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‘ ‘ : oe 
illustrate that increasing the phentolamine concentration from 1.8 x 10 M 


ro EPSex 10 'M causes, within the limits of S.E., the same degree of 
inhibition of responses to tyramine and noradrenaline. However, higher 
doses of phentolamine, were required to antagonize responses to 5-hydroxy- 
tryptamine than to antagonize the responses to noradrenaline. DPTC, 


| e605. hy 9D00e 


in the concentration range 5.4 x 10 M, progressively 
decreased the tissue response to 5-hydroxytryptamine, but had much less 
effect on responses to noradrenaline and tyramine. These results 
further substantiate the view that noradrenaline and tyramine act via 


a receptor which is distinct from the one by which 5-hydroxytryptamine 


produces a response. 


2. Effect of Cocaine on Responses to Agonists 


The effect of cocaine on the uptake of noradrenaline into this 
preparations has been discussed earlier in this report. Cocaine, 
within the concentration range used in the isolated tissue experiments, 
can potentiate the effects of noradrenaline without having a significant 
effect on the uptake of noradrenaline. Potentiation of the response 
to noradrenaline by cocaine, in the perfused human umbilical artery, 
has been reported by Gulati and Kelkar (1971). Potentiation of responses 
to adrenaline, noradrenaline and 5-hydroxytryptamine by cocaine in the 
perfused human placenta was reported by von Euler in 1938, and 
Eliasson and Astrém (1955) respectively. 

The effect of cocaine on tyramine and 5-hydroxytryptamine uptake 
in the human umbilical cord is not known, but Dyer (1970b) has shown 


that. 3.38x 10° °M cocaine inhibits, by 30%, the uptake of 3H-5-hydroxy- 
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tryptamine into the sheep umbilical artery. The same concentration 

of cocaine also increased by 1080% the response to 5-hydroxytryptamine 

in this tissue. Mast cells are present in the human umbilical cord 

(Sundberg et al., 1954) and they may take up 5-hydroxytryptamine. Day 

and Stockbridge have reported that cocaine, 3.3 x Loa Ms inhibited 

5-hydroxytryptamine uptake into mast cells by 90-96%. It seems unlikely 

that a 30% reduction of 5-hydroxytryptamine uptake into mast cells can 

be the only factor contributing to the 1080% increase of the response 

to 5-hydroxytryptamine in the sheep umbilical artery and thus, an 

effector cell action of cocaine could also be dominant in this tissue. 

This problem may be answered when the site(s) for 5-hydroxytryptamine 

uptake in the sheep umbilical artery are known. Cocaine has been 

reported (Dyer, 1970a) to cause only slight potentiation of the 

response to noradrenaline in the sheep umbilical artery; the effect 

of cocaine on noradrenaline uptake in this tissue has not been investigated. 
The present investigation has also shown that the responses to 

5-hydroxytryptamine were potentiated by pretreatment of the human 

umbilical artery with cocaine. The degree of potentiation, however, 

was less than that observed with the response to noradrenaline. The 

range of cocaine concentration which potentiated the response to 

5-hydroxytryptamine was smaller than that which affected the noradrenaline; 

thus at a cocaine concentration of 1.7 x 10°>M there is no significant 

change in the response to 5-hydroxytryptamine whereas that to noradrenaline 

is greatly increased. The incomplete data suggests that the induced- 

tyramine response is potentiated by a similar range of cocaine concen- 


trations; however, the degree of potentiation, in all cases, was less. 
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Potentiation of responses to tyramine by cocaine in the isolated 
perfused umbilical artery has been reported by Gulati and Kelkar 
(1971). 

Our results have shown that the responses to histamine and 
potassium chloride were not significantly potentiated by any concen- 
tration of cocaine. As noted earlier, the responses to noradrenaline, 
tyramine, 5-hydroxytryptamine, histamine and potassium chloride could 
all be decreased by increasing the cocaine concentration. Responses 
to noradrenaline and tyramine were decreased significantly when the 
cocaine concentration was raised to l1./ x 107M, 5-hydroxytryptamine 
and potassium chloride contractures were significantly reduced when 


ead ones 10°’ 


the cocaine concentration was raised to 1.7 x 10° 
respectively. The histamine contractures was significantly reduced 
at cocaine concentrations of 1.7 x 10 -M or more. This inhibitory 
action of cocaine on smooth muscle contraction may be due to a 


stabilizing action on the muscle membrane similar to that reported 


for other local anaesthetics (cf. Feinstein and Paimre, 1969). 


3. Protection Experiments 


Vohra (1969) failed to detect protection by cocaine (6.6 x 10 *™) 
against blockade with phenoxybenzamine Chases 10 /™) of either the 
a-adrenergic or cholinergic receptors in reserpinized rat vas deferens. 
Cocaine, however, was found to cause contraction of tissues which 
had been protected by noradrenaline (6 x 10M) against phenoxybenzamine 
blockade. 


Innes and Karr (1971) recently demonstrated in the cat spleen 
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that phentolamine could protect against cocaine potentiation of the 
response to noradrenaline. Cocaine was not able to potentiate the 
response to noradrenaline when phentolamine had been washed out of the 
tissue i.e. when the a-receptors were no longer blocked. Loss of the 
antagonist action of phentolamine was indicated by the reappearance 
of control responses to noradrenaline in phentolamine-treated spleen 
strips. 

Receptor protection experiments, critically evaluated by Waud 
(1962, 1968) and Triggle (1971), have been employed to indicate a common 
interaction site for ligands (Furchgott, 1954, 1966); however, in such 
experiments it is common practice to use a high concentration of the 
protecting agent and, at this concentration, one cannot conclude that 
interaction is merely with the receptor. Phenoxybenzamine, a 2-halo- 
genoethylamine, is often used as the antagonist in receptor protection 
experiments; however, this agent, and those related to it, are capable 
of affecting many other sites besides the a-adrenergic receptor 
(Moran et al., 1967; Yong and Marks, 1969). The reversible a-receptor 
antagonist phentolamine affords better and more consistent protection 
against inactivation by the irreversible antagonists (Lewis and Miller, 
1966; Patil et al., 1968). It is not known, however, whether phentolamine 
acts at the same site as noradrenaline, the noradrenaline-recognition 
site, or whether it produced competitive-antagonism of the a-response 
by an action at another distinct site which is related to the o-receptor 
in some manner. 

With the above reservations in mind, an attempt was made, in 


the umbilical artery strip, to prevent or decrease by cocaine pretreatment 


or 
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the receptor blockade against noradrenaline or 5-hydroxytryptamine 
contractures produced by phentolamine or phenoxybenzamine. If some 
significant protection had been produced by pretreatment with cocaine 
then one could suggest that cocaine can interact at a site which is 
affected by phentolamine and/or phenoxybenzamine. Of course, this 
would not imply that cocaine actually acts at the a-adrenergic or the 
5-hydroxytryptamine receptor. It should be noted that the cocaine 
concentration used for protection were those which had been shown to 
cause neither significant potentiation nor significant depression of 
the response to noradrenaline or 5-hydroxytryptamine and thus inter- 
pretation of the data is not complicated by these considerations. The 
concentrations of blocking agents used were those which caused 
approximately 50% blockade of noradrenaline or 5-hydroxytryptamine 
contractures. As noted there was no significant protection by cocaine 
against the blocking action of phentoalmine or phenoxybenzamine on 

the responses to noradrenaline or 5-hydroxytryptamine. It would thus 
appear that cocaine has little affinity for the sites occupied by 
phentolamine or phenoxybenzamine, and cannot prevent the o-adrenereic 


or tryptaminergic blocking action of these compounds. 


F. EVALUATION OF THE "COCAINE PARADOX" 


Burn and Tainter (1931) adopted the term "cocaine paradox" to 
describe the action of cocaine on adrenergic mechanisms in smooth 
muscle systems. Subsequent publications (Trendelenburg, 1959, 1963, 1966; 
Iversen, 1967) have suggested that at least part of the cocaine-induced 


supersensitivity was due to an inhibition of neuronal catecholamine 
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uptake. The degree to which this blockade of neuronal uptake can 
account for supersensitivity to noradrenaline has never been directly 
shown due to technical difficulties; however, a correlation between 
inhibition of noradrenaline uptake by cocaine and the development of 
supersensitivity has been suggested by several authors (Barnett, 1968; 
Foster, 1968). A similar correlation has also been suggested by 
Brimijoin et al. (1970) for the onset of denervation supersensitivity 
to noradrenaline in the cat spleen. 

The present investigations have shown that the human umbilical 
artery is devoid of adrenergic nerves and "extraneuronal" uptake of 
noradrenaline is only affected by cocaine when cocaine is used at 
high concentrations. A concentration of cocaine having no effect on 
noradrenaline uptake can potentiate the response of the tissue to that 
same concentration of noradrenaline. It is clear that cocaine, in this 
tissue, is acting via a mechanism which is not related to blockade of 
noradrenaline uptake and which is probably directly on the effector 
cell. This direct action on the effector cell might be equivalent to 
the "postsynaptic" action which has been suggested to occur in innervated 
systems (Nakatsu, 1968; Nakatsu and Reiffenstein, 1968; Kalsner and 
Nickerson, 1969b; Kasuya and Goto, 1968; Varma and McCullough, 1969; 
Shibatal i971). 

It has been shown that responses to tyramine and stiwiteigicyctanine 
are potentiated, and the tnckeaee of the response to 5-hydroxytryptamine 
demonstrates that the action of cocaine is not entirely specific for 
the o-adrenergic response; however, responses to histamine and KCl are 


not significantly altered by cocaine. Kalsner and Nickerson (1969b) 
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have demonstrated that cocaine potentiates responses to histamine 
without affecting those of 5-hydroxytryptamine in the rabbit aorta, 
and Shibata et al. (1971), using the same preparation, have shown 
that the respnses to KCl were potentiated by cocaine. Nonspecific 
cocaine potentiation of agents other than catecholamines has also 
been reported by Kasuya and Goto (1968) using the rat vas deferens, 
and by Dzoljic et al. (1970) using the terminal guinea-pig ileum. 
Greenberg and Long (1971), however, observed no potentiation of 


responses to KCl, BaCl, or acetylcholine by treatment with cocaine 


2 
in the reserpinized rat vas deferens preparation. It is possible that 
this non-specific potentiation may be due to the potentiation of 
released endogenous noradrenaline (Douglas and Rubin, 1964; Kiran 

and Khairallah, 1969). The potentiation by cocaine of the responses 

to 5-hydroxytryptamine which were observed in the present study 

were not, however, due to the potentiation of released endogenous 
noradrenaline since several preparations responded to 5-hydroxy- 
tryptamine and not to noradrenaline. Nakatsu (1968) and Nakatsu and 
Reiffenstein (1968) found that the process by which cocaine potentiates 
smooth muscle contraction of the rat vas deferens is involved with 
excitation by noradrenaline and does not affect the response to 
methacholine. 

Potentiation of noradrenaline responses in adrenergically 
innervated tissues, however, is not universal and thus Paton (1958b) 
reported that contractions to submaximal concentration of noradrenaline 
were not significantly altered by cocaine in the isolated oestrogenized 


rat uterus. It has also been found that although cocaine can potentiate 
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certain excitatory effects of catecholamines, the inhibitory effects 
of catecholamines, such as those on the uterus and intestine, seem to 
be unaffected (Burn and Tainter, 1931; Gruber, 1936; Roszkowskew and 
Koelle, 1960; Stafford, 1963; Andém et al., 1964; Govier, 1969). 

The depressor response to adrenaline, following o-receptor blockade 
is also not potentiated by cocaine (Maxwell, 1959). The inhibitory 
effects of noradrenaline in the guinea-pig trachea, however, are 
potentiated by cocaine (Foster, 1967, 1968; Chahl and O'Donnell, 1967, 
1971). The large size of the synaptic cleft distance in the guinea-pig 
small intestine (>10004, cf. Bennett and Rogers, 1967) has been 
suggested by Govier et al. (1969) to explain the lack of cocaine 
potentiation of catecholamine relaxation responses in this tissue. 

The synaptic cleft in the cat nictitating membrane, where cocaine can 
potentiate the responses to noradrenaline by a factor of from 23 to 50 
(Fleming and Trendelenburg, 1961; Trendelenburg, 1965) is between 

200 and 600A (Esterhuizen et al., 1968). Extraluminal noradrenaline 
in the isolated central artery of the rabbit ear is also potentiated 
to a greater degree than is intraluminal noradrenaline (de la Lande 
et al., 1967). However, the work of Bevan and Verity (1967), using 
surgically denervated rabbit aorta, suggests that the synaptic cleft 
size may not be the prominant factor involved in cocaine-induced 
supersensitivity to noradrenaline in this tissue since cocaine 
potentiated noradrenaline in the surgically denervated rabbit aorta. 
The use of non-adrenergically innervated human umbilical artery in 
our study has also clearly shown that the size of the synaptic 


cleft ig not the only factor which can affect the cocaine supersensitivity 
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phenomenon. Trendelenburg (1968) stated that there was no compelling 
reason for the view that cocaine must have only one site of action, 
and the results presented here support this claim. It would seem 
reasonable to suggest that two basic mechanisms can explain cocaine- 
induced supersensitivity: 

Firstly, cocaine can block noradrenaline uptake across the 
membrane of the adrenergic nerve ending and thus increase the local 
concentration of noradrenaline; this can be regarded as the pre- 
synaptic action. The relation of this block of neuronal uptake to 
supersensitivity is probably dependent upon the density of innervation 
of the tissue, and tissues with an extensive and abundant adrenergic 
innervation, like the nictitating membrane, are most likely to be 
affected by this action of cocaine. 

Secondly, cocaine has a postsynaptic action on the smooth 
muscle cell and this action is more obvious in sparsely innervated or 
non-innervated tissues. These postsynaptic changes possibly have at 
least two components: one change is selective towards the excitatory 
o-adrenergic receptor, whilst the second change is relatively non- 
selective and the degree to which individual agonists are changed is 
tissue and species dependent. Of related interest are the nonspecific 
smooth muscle supersensitivities to catecholamines, acetylcholine and 
Kis which are produced by reserpine and decentralization (Trendelenburg 
and Weiner, 1962; Hudgins and Fleming, 1966; Westfall, 1970), and 
may be related to an increased tissue affinity for cau (Green and 
Fleming, 1967; Garrett and Carrier, 1971). 


Unfortunately, it is difficult to differentiate clearly between 






















vel 


gntifsqmos on eaw a1siis ise beastie (680!) grudaelebassT .nomsmensdg 

mottos to 9%ta ano ¥ieo sve dau eatssos Jedd wetv efd to} moesox 

masse bloow 1T .mtalo afdy ateqque sted betasssxq) es loues eddie i 

-antsooo mteliqxee undo eamatekdosm saad ows sad Sasgguei 03 sIdenosser 

| ‘eatubttemanusque booutnd 

of) 230398. wasqu ont ine thera Woot RB entanos veltaxtty! b> a, 

[s50l sii3 sesstont aud’ bos gakbas Svoen otgtemesbe ods Yo 
-3Tg 33 as bebrager sd nao ehaa joni lerozberes: to colts y3e 

od sdttqu LIsnorese to Anold elit Yo polislo¥edRe “ablesb obte nie 

sotisvisnne! _ vitanob s71_aoqu tsobeeqeh yidedorq at yt bvistenses 

2igisestbs tasbaeds baa evienedxe - dite zoueentd) bas seas: 

od 03 yisiEl Jeon om, soetdmem gotvattoota ad3 oAtl ,cotteves 

_ : -30Is500 to mottos atria yd ube: i 

fizcome si3 ao motion otiqanyedsoq)a esi ‘antasioo eVibaove?. 1) i 

10 betsvisank yvileazaqe nh avolkwid stom si aotdos abis bas Lisa toeum 
36 sven vidlesoq asunsils of tgényeseog avedT .2aeweet? bssavyenr ' 

YIOTsILSKS sdJ abvewos evidoe lem ef synema sing: tadasrtogmos ows 9 

“con vVasvizsiex at sgnatio cates eid Jal tsiw + tosqsosT otst D 

el begriis oi elainogs Levbbytiad foldw of seageb one tetas ry mB 

otitesgeson add asa SesTeInit betnises 1 -2asbaeqeb astasqe 

bas a Apmis (aantmelodoedas at sotatetstenaerogus eum 


ste 





158 


a selective action of cocaine on the a-adrenergic receptor and a non- 
selective increase in the sensitivity of the smooth muscle to other 
agonists. The existence of two such actions, however, would suggest 
an explanation for the preferential effect of cocaine on responses to 
noradrenaline in tissues where the primary action of cocaine cannot be 
due to blockade of noradrenaline uptake. 

It has been suggested (Reiffenstein, 1968; Innes and Karr, 1971) 
that cocaine may act near the receptor to alter noradrenaline receptor 
combination, and the hypothesis stated was that cocaine caused an 
allosteric alteration of the a-adrenergic receptor. Although there 
is no direct evidence for this hypothesis in cellular drug-receptor 
systems, it can be considered to represent a close analogy with the 
current concepts regarding allosteric interactions with enzyme systems 
(cf. Monod et al., 1963). Triggle (1971) has suggested that at least 
a part of the diverse pharmacological activity of many 2-halogeno- 
ethylamines can be best attributed to a relatively nonspecific binding 
at a variety of macromolecular sites producing antagonism by nonspecific 
allosteric interactions. 

The postsynaptic action of cocaine can be explained by an 
allosteric alteration of receptors which results in an increased 
sensitivity to certain agonists. In most adrenergically innervated 
tissues containing a-excitatory receptors the allosteric modifying 
action may selectively alter the sensitivity of o-receptor to stimulants 
and also nonselectively alter the smooth muscle sensitivity to other 
agonists. Such a mechanism adequately explains the greater potentiation 


of ED. responses to noradrenaline compared to agonists in many 
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adrenergic systems including the human umbilical artery. Evidence 
to support this model is, unfortunately, indirect and thus this 
suggestion is, at present, pure speculation. 

As described in the INTRODUCTION, Moran et al. (1970) have 
suggested that a common site of 2-halogenoethylamine action in the 
smooth muscle system may be that concerned with Catt: mobilization to 
the excitation-contraction coupling process and may be similar, although 
not necessarily identical, for each group of activator ligands. Two 
sites were postulated to exist whereby 2-halogenoethylamines could 
antagonize noradrenaline. One site represents a Cait: binding/mobilization 
site on the cell membrane essential to excitation-contraction coupling; 
the second site may represent the noradrenaline recognition site. 
Several authors have postulated, but not directly shown, a calcium- 
dependent component of cocaine supersensitivity. Carrier and Shibata 
(1967), Shibata (1969a) and Shibata et al. (1971) have suggested that 
an increased membrane permeability to calcium may be a common mechanism 
to explain supersensitivity phenomena. Greenberg and Innes (1968) 
have also speculated that, in the presence of cocaine, the cat spleen 
utilizes less extracellular Gaara, Daniel and Wolowyk (1966) have 
suggested that cocaine induces labilization of Cat from the cell 
membrane of rat uterus. Nakatsu (1968) has also suggested that cocaine 
may prime a labile Ga Ui pool which is utilized specifically by the 
a-receptor and from which catt can be released by g-receptor stimulation. 
Possibly, cocaine can selectively facilitate the mobilization of gat 
from a binding site which is linked to the noradrenaline site. This 


Guts binding site is linked to the noradrenaline-recognition site in 
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such a manner that catt is not made available for contraction until the 
noradrenaline-site is activated. Such an action for cocaine would be, 
effectively, the opposite to that suggested for 2—halogenoethylamines 
by Moran et al. (1971). Cocaine may also influence the action of 
other receptors, possibly by a similar, but less selective, action, 
and species and tissue differences in the cocaine binding site(s) may 
explain the variability in results obtained for activator ligands in 
different preparations. Similar differences for antagonist binding 
sites have been suggested by Bevan and Osler (1965), Gurchgott (1970), 
and Janis and Triggle (1971). Clearly further investigations are 
required to elucidate the action of cocaine on smooth muscle. 

The site of action of cocaine is not known, but Maxwell et al. 
(1968, 1969) have reported that certain tricyclic antidepressants 
such as desmethylimipramine (DMI) have conformational similarities to 
the trans-staggered conformation of §-phenethylamine. Maxwell et al. 
(1970) have also suggested that cocaine can also adopt a similar 
conformation to noradrenaline and this might explain its action on 
the "amine-pump receptor" (Figure 21). The absolute configuration of 
cocaine has been determined (Hardegger and Oht, 1955) but whether such 
a conformation confers upon cocaine an action at the a-adrenergic 
receptor is not known. Interpretation of structural-activity relation- 
ships are complicated by the unknown factor of drug availability in 
the biophase and the consequent influence of this fatter upon events at 
the receptor. The protection experiments described in this present 
study and by Vohra (1969) suggest that cocaine has little affinity for 


the site occupied by phentolamine, phenoxybenzamine or noradrenaline, 
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Figure 21: The configuration relationships between 
phenethylamine, D(-)noradrenaline, and 
(-) cocaine. 
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but this does not mean that cocaine cannot alter the noradrenaline 
recognition site or, for that matter, other receptor sites of the 
cell. An analogous situation is that which has been described by 
Koshland (1963): 
"The substrate is like a spider at the centre of the 
web. It can change the conformation near the centre 
and start a pertubation which will cause a change in a 
far distant corner of the web. It follows, of course, 
that a change in a far distant corner of the web may 
be felt by the spider at the centre." 

Unfortunately, virtually nothing is known of the chemical 
constitution of receptors in excitable tissues. It is believed that 
these entities are composed of protein or lipoprotein components that 
are integrated into the membrane structure (Bloom, 1966; Cuthbert, 1967; 
De Robertis, 1967, 1971; DePlazas and De Robertis, 1972; Ochoa et al. 
1972). Drug receptors are characterized not by their composition, 
shape, size or location, but by the molecules that bring about a 
physiological response which has been identified with the activity 
of the receptor. It is apparent that many of the neurotransmitters 
and their analogs are small, relatively flexible molecules, the 
conformation of which, as receptor-bound species, need bear no 
relationship to the preferred conformation in the aqueous or crystalline 
state (Ridley et al., 1969; Robinson et al., 1969). The drug receptor 
itself may also possess flexibility (Portoghese, 1970). 

The problem of the "cocaine paradox" has been partially solved. 
In the human umbilical artery the action of cocaine must be "postsynaptic" 


since there are no adrenergic nerves present in this system. Our 


study shows that the effect of cocaine in this system is not mediated 
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by blockade of noradrenaline uptake into the effector cell. The 
exact role for the blockade of neuronal or effector cell, noradrenaline 
uptake by cocaine in other systems is not clear but it is of interest 
that Dyer (1970b) demonstrated an eleven-fold increase for the 
response to 5-hydroxytryptamine in the sheep umbilical artery prepara- 
tion. If the sheep umbilical arteries are also devoid of adrenergic 
innervation, as has been shown in the present study for the human 
umbilical artery, then this implies that the postsynaptic action of 
cocaine may, in the sheep umbilical artery preparation, be very 
important to the supersensitivity phenomenon. It should, however, 
be restated that Dyer (1970b) demonstrated that a 30% reduction in 
5-hydroxytryptamine uptake was associated with this increase in the 
response to 5-hydroxytryptamine. A knowledge of the location for 
5-hydroxytryptamine uptake in the sheep umbilical artery would tell 
us whether this relatively small reduction in uptake is the cause of 
the large increase in the response to 5-hydroxytryptamine. In order 
to further explore the nature of the postsynaptic action of cocaine 
three basic questions are dominant: 

1. Where on the postsynaptic cell does cocaine act? 

2. What changes can cocaine induce in the smooth muscle cell? 

3. How do these changes result in an increased reponse to 


certain smooth muscle agonists? 


In order to answer question ] it would be useful to have a 
clearer understanding of the nature and locus of smooth muscle drug 
receptors. If such information was available ;¢ might be possible 


to relate the action of cocaine to, for instance, the a-adrenergic 
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receptor; such knowledge would aid in the answers to questions 2 
and 3. 

An insight into the changes which cocaine can induce may 
possibly be obtained by the use of certain physical techniques. 
Optical rotatory dispersion measurements have been made of biopolymers 
in contact with drug and substrate molecules (Moore and Wetlaufer, 1971). 
X-ray diffraction techniques have been used (Perutz, 1964) to demonstrate 
conformational changes induced by the interaction of haemoglobin 
and oxygen, and enzymes with enzyme inhibitors (Phillips, 1966). The 
use of electron spin resonance (ESR) and the spin labeling method 
in pharmacology have recently been reviewed by Jost and Griffith (1971). 
Nuclear Magnetic Resonance (NMR) measurements have been used to study 
the binding of small molecules to proteins and this subject has 
recently been reviewed by Jardetzky and Wade-Jardetzky (1971). Of 
related interest to the present work is the finding of Fischer and 
Jost (1969) where NMR spectral changes associated with the binding of 
adrenaline to liver cells were noted, these changes were prevented 
by the B-adrenergic blocking agent dichloroisoproterenol. Metcalfe 
(1970) has employed both ESR and NMR techniques to the study of the 
interactions of wee and local anesthetics with erythrocyte membranes. 
The major difficulty in using the NMR technique for pharmacological 
studies is related to the difficulty in interpretation of the spectrum 
obtained from biochemically ill-defined parameters. Molecular 
orbital theory, a technique which can be used to predict the preferred 
conformation of the drug, has been used by Kier (1971) to obtain an 


insight into the possible nature of the topology of the receptor. 
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There are certain techniques available which could be utilized 
to study the nature of cocaine interaction with the smooth muscle. It 
would be misleading to assume, however, that such techniques are 
immediately applicable to this particular problem and clearly 
interpretation of preliminary results would need to be performed with 


caution. 
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SUMMARY AND CONCLUSIONS 


Several questions were advanced at the beginning of this study 
and it is useful to briefly summarize the results and conclusions with 


regard to these four questions. 


1. Is the human umbilical artery innervated by adrenergic 
nerves? 
It has been shown that there is no indication of adrenergic 
nerve fibers in relation to either the two umbilical arteries or 
the umbilical vein in the extra-abdominal portion of the human 


umbilical cord. 


2. Can noradrenaline be accumulated by human umbilical 

artery tissue? 

Noradrenaline can accumulate in the tissues constituting the 
umbilical artery, and the preliminary studies show that the tissue to 
medium ratio seldom exceeded one. The characteristics of noradrenaline 
accumulation are similar to those seen with extraneuronal uptake of 
noradrenaline in innervated smooth muscle systems; however, the 
extraneuronal uptake in this non-innervated tissue is much less 


sensitive to the inhibitory actions of various drugs. 


3. If noradrenaline accumulation can occur in the umbilical 
artery is it influenced by cocaine? 
Noradrenaline accumulation is significantly inhibited by high 


a 


concentrations of cocaine (3.3 x 10 M), but at lower concentrations 


there is no significant change in the tissue accumulation. The 
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cocaine concentration which inhibits the "'extraneuronal uptake" 
in the human umbilical artery is several orders of magnitude greater 
than that observed, by other workers, to havea similar effect on neuronal 


uptake in innervated tissues. 


4. Is the potentiating action of cocaine specific to 
noradrenaline or can it also influence the action 
of other smooth muscle agonists? 

In the non-adrenergically innervated human umbilical artery 
preparation responses to noradrenaline, tyramine and 5-hydroxytryptamine 
are potentiated by cocaine. The action of cocaine, however, has a 
greater effect on the noradrenaline mediated response. The potentiation 
by cocaine of the response to noradrenaline is not mediated by blockade 
of noradrenaline uptake into the effector cell. The responses of two 
other agonists, histamine ara potassium chloride, were not significantly 
altered by cocaine. Cocaine thus has a selective action on the responses 
mediated by the a-adrenergic receptor and this action can be explained 
by an alteration in the reactivity or conformation of the receptor. 

It was found that at higher cocaine concentrations (>107"™) a non- 
selective antagonism of contractures of umbilical artery could be 


demonstrated. 


In addition to those which have been answered above, this 
investigation has suggested numerous other questions. Several 


recommendations for future research are outlined below; 
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1. In vivo experiments in certain suitable animal preparations 
would be useful to elucidate the mechanism for closure of the umbilical 


arteries. 


2. A further comparison of the non-innervated umbilical 
artery preparation with innervated tissues may prove valuable for 
the study of the roles and functions of extraneuronal noradrenaline 
uptake. If fluorescence histochemical techniques are employed in such 
studies it is important that these be accompanied by biochemical 


measurements of catecholamines. 


3. Experiments to elucidate the action of cocaine on smooth 
muscle physiology would be useful in determining the nature of the 
postsynaptic action of cocaine. Thus an investigation of the possible 
interrelationship of cocaine with calcium mechanisms in smooth muscle 


would be beneficial. 


4. Physical techniques would be useful, in conjunction with 
physiological methods, to elucidate possible cocaine-induced 


conformational changes. 
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APPENDIX A 


PREPARATION OF KREBS SOLUTION: 


Three stock solutions were used, from which daily requirements 


of Krebs solution could be made. 


Stock A: NaCl TA AS 
KCl 
MgCl. 6H,0 2e05 7 
CaCl, * 2H,0 ict 
NaH,P0,-H,0 eas Fe 
in 1000 ml of distilled water 
Stock B: NaHCO, - 2.624 


BEOCK CU: 71 Dextrose —. 207 


The solution employed consisted of the following: 


Stock A 100 ml 
Stock 5B 80 ml 
SEoOckwG 50 ml 


Distilled water 1000 ml 


This solution had the following composition: 


mM 
Na’’ 128.1 
a Age 
Ca Pas ae | 
Mg thes 
ae 118.04 
HPO, aleaik 
HCO, 20.0 


Glucose 45 
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APPENDIX B 


Drug stock solutions, usually 10 >, were prepared in 0.01N 
hydrochloric acid and daily supplies were made by appropriate dilution 


1) 0.9% Saline: 


DRUGS USED: 


Cocaine hydrochloride (British Drug House) 
Dibenzyline [Phenoxybenzamine sulfate] (Smith, Kline and French) 
2'[3 dimethyl aminopropyl thio]cinnamanilide hydrochloride [DPTC] 
(Nutritional Biochemical Company) 
*D(-)Epinephrine bitartrate (Winthrop) 
Heparin sodium [1 g = 160,000 U.](Fisher Scientific) 
Histamine biphosphate (Nutritional Biochemical Company) 
5-hydroxytryptamine [Creatinin phosphate] (Nutritional Biochemical Company) 
' Isopropylnoradrenaline (Winthrop) 
*[D(-) ]Levarterenol bitartrate (Winthrop) 
Oxytocin Synthetic [10 I.U./m1] (Nutritional Biochemical Company) 
Ouabain octahydrate [Strophanthin G] (Sigma Chemicals) 
Tranglcyproprine sulfate [Parnate](Smith, Kline and French) 
Phentolamine [Rogitine] 
Propranolol [AY 64043] (Ayerst, McKenna and Harrison) 
Tyramine hydrochloride (Aldrich Chemical Company) 


Vasopressin (Nutritional Biochemical Company) 


“Throughout this report, the physiologically-occurring form of 
noradrenaline (or adrenaline), commonly called l-noradrenaline, will be 
referred to by the more accurate designation, D(-) noradrenaline. The 
D and L symbols are here restricted to describing the absolute configu- 


ration of the isomer at the asymmetric carbon, ®-carbon (Pratesi, 1963), 
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whereas the plus (+) and minus (-) signs, representing dextro (right) 
and levo (left) respectively, indicate the direction in which the 
isomers rotate plane polarized light. On the basis of the sequence 


rule (Cahn et al., 1956) the more active levorotatory isomers have 


the R configuration: 


OH 
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APPENDIX C 
COMMON ABBREVIATIONS 
BOL : Brom-lysergic acid diethylamide 
COMT : Catechol-o-methyl transferase 
DeA. © )duetus arteriosus 
DMI : desmethylimipramine 


DMPEA: N,N-dimethyl-2-bromo-phenylethylamine 


DPTC : 2'[dimethyl aminopropyl thio] cinnamanilide hydrochloride 


D.V. : ductus venosus 

ED. 9 : effective dose for a 50% response 
ESR : electron spin resonance 

SHT : 5-hydroxytryptamine 

MAO : monoamine oxidase 

NMN : normetanephrine 

NMR : Nuclear Magnetic Resonance 

POB : Phenoxybenzamine 

PVP : polyvinyl-pyrrolidone 

THI : trihydroxyindole 


UsAe = umbilical artery 
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